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Abstract	  
	  
I	   studied	   highly	   specialized	   pollination	   systems	   involving	   Neotropical	   Araceae	   and	   scarab	  
beetles	  of	  the	  tribe	  Cyclocephalini	   (Scarabaeidae,	  Dynastinae),	  and	  also	  scrutinized	  aspects	  
of	  the	  ontogeny	  and	  egg	  development	  of	  captivity	  bred	  and	  reared	  species	  of	  Cyclocephala.	  
Flower-­‐visiting	  male	  and	  female	  Cyclocephala	  celata	  and	  C.	  latericia	  exhibit	  direct	  attractive	  
response	  to	  simple	  chemolfactory	  signals	  in	  the	  floral	  scents	  of	  the	  Caladium	  bicolor,	  Philo-­‐
dendron	  acutatum	  and	  Taccarum	  ulei.	  Pure	  authentic	   standards	  of	  4-­‐methyl-­‐5-­‐vinilthiazole	  
and	   (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone,	   two	   rare	   and	   biosynthetically	   diverse	   compounds	  
identified	  as	  prominent	  constituents	  in	  floral	  fragrance	  samples	  among	  the	  three	  species	  of	  
aroids,	  were	  successfully	  used	  in	  fragrant	  baits	  to	  selectively	  lure	  pollinating	  cyclocephaline	  
scarab	   beetles.	   Four	   species	   of	  Cyclocephala	  native	   to	   the	   Atlantic	   Forest	   of	   northeastern	  
Brazil,	  C.	  celata,	  C.	  distincta,	  C.	  latericia	  and	  C.	  paraguayensis,	  were	  successfully	  maintained	  
in	  captivity	  with	  a	  simple,	   inexpensive	  rearing	  protocol.	  All	   species	  yielded	  viable	  eggs	  and	  
three	  of	  them	  also	  yielded	  healthy	  imagoes	  on	  an	  exclusively	  saprophagous	  diet	  for	  the	  lar-­‐
vae.	  Near	   future	  perspectives	   for	   the	  controlled,	   large-­‐scale	   reproduction	  of	   these	  special-­‐
ized	  pollinators	  offer	   interesting	  opportunities	   for	  environmental	  management	  plans	  of	   in-­‐
teracting	  biological	  systems.	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Résumé	  
	  
J’ai	   étudié	   les	   systèmes	   de	   pollinisation	   hautement	   spécialisés	   existant	   entre	   les	   Aracées	  
néotropicales	  et	  les	  coléoptères	  de	  la	  tribu	  des	  Cyclocephalini	  (Scarabaeidae,	  Dynastinae),	  et	  
aussi	   l’ontogénie	  et	   le	  développement	  d’espèces	  de	  Cyclocephala	   élevées	  en	  captivité.	   Les	  
coléoptères	  floricoles	  (mâles	  et	  femelles)	  de	  Cyclocephala	  celata	  et	  C.	  latericia	  montrent	  une	  
attraction	  pour	  de	  signaux	  olfactifs	  simples	  présents	  dans	  les	  senteurs	  florales	  de	  Caladium	  
bicolor,	  Philodendron	  acutatum	  et	  Taccarum	  ulei.	  Des	  molécules	  synthétisées	  de	  4-­‐methyl-­‐5-­‐
vinilthiazole	  et	  (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone,	  deux	  composés	  rares	  issus	  de	  voies	  bio-­‐
synthétiques	   différentes,	   et	   majeurs	   des	   odeurs	   florales	   des	   trois	   espèces	   d’Aracées	   étu-­‐
diées,	  se	  sont	  avérées	  très	  attractives	  et	  de	  manière	  sélective	  pour	  les	  espèces	  pollinisatrices	  
de	  Cyclocephala.	   En	   élevage,	   quatre	   espèces	   de	  Cyclocephala	   indigènes	   de	   la	   forêt	   Atlan-­‐
tique	  du	  Nord-­‐est	  Brésil,	  C.	  celata,	  C.	  distincta,	  C.	  latericia	  et	  C.	  paraguayensis,	  furent	  main-­‐
tenues	  en	  captivité	  durant	  tout	   leur	  cycle	  biologique	  grâce	  à	  un	  protocole	  a	  simple	  et	  éco-­‐
nomique.	  Des	  œufs	  viables	  furent	  pondus	  pour	  toutes	  les	  espèces,	  et	  pour	  trois	  d’entre	  elles	  
le	   stade	   imago	   fut	   obtenu	   à	   partir	   d’une	   diète	   exclusivement	   saprophage	   des	   larves.	   Des	  
perspectives	  de	  production	  contrôlée	  à	  grande	  échelle	  de	  ces	  pollinisateurs	  spécialisés	  offre	  
des	  opportunités	  intéressantes	  pour	  la	  gestion	  environnementale	  des	  systèmes	  biologiques	  
en	  interaction.	  
	  
Mots	  clés:	  pollinisation	  à	  médiation	  olfactive,	  Araceae,	  Cyclocephala,	  odeurs	  florales,	  	  	  	  	  	  	  	  	  
ontogenèse	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Resumo	  
	  
Eu	  estudei	  sistemas	  de	  polinização	  altamente	  especializados	  envolvendo	  aráceas	  Neotropi-­‐
cais	  e	  besouros	  escarabeídeos	  da	  tribo	  Cyclocephalini	  (Scarabaeidae,	  Dynastinae),	  e	  também	  
elucidei	   aspectos	   da	   ontogenia	   e	   desenvolvimento	   embrionário	   de	   espécies	   do	   gênero	  
Cyclocephala	  mantidas	  em	  cativeiro.	  Machos	  e	  fêmeas	  antófilos	  de	  Cyclocephala	  celata	  e	  C.	  
latericia	   apresentam	  resposta	  atrativa	  direta	  a	   sinais	  químico-­‐olfatórios	   simples,	  presentes	  
nos	  odores	  florais	  de	  Caladium	  bicolor,	  Philodendron	  acutatum	  e	  Taccarum	  ulei.	  Padrões	  pu-­‐
ros	   de	   4-­‐metil-­‐5-­‐viniltiazol	   e	   (S)-­‐2-­‐hidroxi-­‐5-­‐metil-­‐3-­‐hexanona,	   dois	   compostos	   raros	   e	   bio-­‐
sintenticamente	  diversos	  isolados	  em	  amostras	  de	  fragrâncias	  florais	  das	  três	  espécies	  vege-­‐
tais	  estudadas,	   foram	  utilizados	  com	  sucesso	  na	  atração	  seletiva	  de	  espécies	  polinizadoras	  
de	  Cyclocephala.	  Quatro	  espécies	  do	  gênero	  nativas	  da	  Floresta	  Atlântica	  do	  Nordeste	  brasi-­‐
leiro,	  C.	  celata,	  C.	  distincta,	  C.	  latericia	  e	  C.	  paraguayensis,	  foram	  mantidas	  em	  cativeiro	  du-­‐
rante	  todo	  o	  ciclo	  biológico	  através	  da	  aplicação	  de	  um	  protocolo	  simples	  e	  econômico.	  Fo-­‐
ram	  obtidos	  ovos	  viáveis	  de	  todas	  as	  espécies,	  e	  imagos	  de	  três	  destas	  se	  desenvolveram	  a	  
partir	  de	  uma	  dieta	  larval	  exclusivamente	  saprófaga.	  Perspectivas	  para	  a	  reprodução	  contro-­‐
lada	   e	   em	  maior	   escala	   para	   espécies	   polinizadoras	   de	   Cyclocephala	   num	   futuro	   próximo	  
oferecem	  oportunidades	  interessantes	  para	  a	  gestão	  ambiental	  e	  manejo	  em	  sistemas	  bio-­‐
lógicos.	  
	  
Palavras-­‐chave:	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1.	  General	  introduction	  
	  
The	  association	  between	  insects	  and	  flowering	  plants	  may	  be	  tracked	  back	  to	  the	  origin	  of	  the	  
latter,	  about	  135	  m.y.a.	  [1,2].	   In	  the	  absence	  of	  floral	  color,	  specialized	  food	  bodies	  or	  nectaries	  in	  
early	   flowers,	  odoriferous	  volatiles	  may	  have	  been	  key	  components	  of	  early	  angiosperm	  breeding	  
systems	   [3].	   Pellmyr	   and	  Thien	   [4]	   suggested	   that	   in	   these	  primitive	   flowering	  plants,	   floral	   odors	  
functioned	  as	  chemical	  signals	  to	  insects	  for	  food	  and	  mating	  sites,	  which	  subsequently	  led	  even	  to	  
co-­‐dependency	  of	  the	  sexual	   life	  cycle	  of	   insects	  and	  plants.	  Such	  assumption	   is	  supported	  by	  the	  
fact	   that	  many	  of	   the	  most	  basal	   families	  of	  magnoliids	  and	  monocots	   commonly	  produce	  strong	  
floral	   fragrances,	   associated	   with	   heat	   production	   by	   the	   flowers	   (or	   inflorescences)	   [5,6].	   Floral	  
thermogenesis,	  first	  verified	  by	  Lamarck	  in	  the	  18th	  century,	  is	  known	  to	  occur	  in	  eleven	  extant	  an-­‐
giosperm	   families	   [7].	   It	   consists	   of	   a	   physiological	   process	   during	   which	   carbohydrates	   or	   lipids	  
stored	  in	  specific	  floral	  tissues	  are	  burnt	  to	  raise	  their	  temperatures	  above	  that	  of	  the	  surrounding	  
air,	  thus	  enhancing	  volatilization	  of	  scented	  compounds	  [8].	  Strong	  odor	  emission,	  coupled	  to	  floral	  
thermogenesis,	  is	  a	  trait	  preponderantly	  associated	  with	  pollination	  by	  beetles	  (cantharophily)	  and	  
flies	  (myiophily)	  [9],	  most	  likely	  the	  first	  animal	  pollinators	  [2,10].	  	  
Cantharophilous	  pollination	  systems	  often	  exhibit	  a	  high	  degree	  of	  specialization,	  involving	  del-­‐
icate	  synchrony	  heat	  generation	  and	  odor	  emission	  to	  pollinator	  activity	  [11].	  Shelter,	  warmth,	  food	  
and	  mating/oviposition	  sites	  for	  the	  visiting	  beetles	  seem	  to	  be	  the	  major	  driving	  forces	  behind	  can-­‐
tharophily	   [12].	   Flowers	   and	   inflorescences	   visited	  by	  beetles	   are	   commonly	  modified	   into	   robust	  
floral	  chambers,	  with	  abundant	  nutritious	  tissues	  and	  pollen	  [11].	  
Among	  the	  known	  taxa	  of	  flower-­‐visiting	  beetles,	  scarabs	  of	  the	  tribe	  Cyclocephalini	  (Scarabae-­‐
idae,	  Dynastinae)	  are	  likely	  the	  most	  preponderant	  and	  diverse	  [13].	  From	  what	  is	  currently	  known,	  
cyclocephaline	  scarabs	  are	  the	  sole	  pollinators	  of	  no	   less	   than	  900	  species	  of	  angiosperms	  among	  
the	   Nymphaeaceae,	  Magnoliaceae,	   Annonaceae,	   Cyclanthaceae,	   Arecaceae	   and	   Araceae	   [6,10,13-­‐
17].	  
Cyclocephaline	  scarabs	  are	  restricted	  to	  the	  Americas,	  with	  the	  exception	  of	  two	  species	  of	  the	  
genus	  Ruterolyctes,	  native	  to	  West	  Africa	  [18].	  About	  14	  genera	  are	  currently	  known	  from	  the	  tribe,	  
from	  which	  Cyclocephala	  comprises	  more	  than	  85%	  of	  the	  richness,	  with	  about	  350	  described	  spe-­‐
cies	   from	   extreme	   southeastern	   Canada	   south	   to	   Argentina	   and	   in	   the	   Caribbean.	   All	   adult	   cy-­‐
clocephaline	   scarabs	  are	  nocturnal	   and	  most	  are	  attracted	   to	   lights	  at	  night	   [19].	   Their	   size	   range	  
from	  ca.	  10-­‐35	  mm,	  positioning	  them	  as	  the	   largest-­‐sized	  of	  beetle	  pollinators	  when	  compared	  to	  
other	  anthophilous	  taxa	  (eg.	  Nitidulidae,	  Curculionidae,	  Staphylinidae	  and	  Chrysomelidae)	  [20].	  
Flower	  visiting	  cyclocephaline	  scarabs	  have	  a	  keen	  detection	  of	  scent,	  as	  they	  are	  often	  seen	  in	  
a	  "honing-­‐in"	  pattern	  towards	  fragrant	  sources	  [21].	  Among	  the	  Araceae,	  compositional	  analogies	  of	  
floral	  scent	  chemistry	  can	  be	  evidenced	  out	  of	  few	  available	  studies	  [22,23].	  The	  odor	  of	  the	   inflo-­‐
rescences	  of	  Montrichardia	  arborescens	  (Arruda)	  Schott	   is	  dominated	  by	  a	  cyclopentenone	  deriva-­‐
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tive	   (jasmone)	   and	   a	   few	   benzenoid	   derivatives	   (methyl	   benzoate,	   methyl	   salicylate,	   1,3,5-­‐
trimethoxybenzene,	   2-­‐pentenyl-­‐oxy-­‐benzene)	   [24].	   Analogous	   compounds	   are	   commonly	   emitted	  
by	   flowers/inflorescences	   of	   many	   large	   beetle-­‐pollinated	   taxa	   (Eupomatia,	   Encephalartos,	   Lirio-­‐
dendron,	  Magnolia,	  Michelia,	  Nelumbo,	  Zamia),	  sometimes	  as	  major	  compounds,	  and	  may	  well	  be	  
implicated	   in	  beetle	  attraction	   [23].	  Methoxylated	  benzenoids	  are	  particularly	  well	   represented	   in	  
the	  scents	  of	  cyclocephaline	  scarab-­‐pollinated	  Nymphaea	  and	  Victoria	  (Nymphaeaceae)	  [10,25],	  but	  
are	  otherwise	  uncommon	  in	  angiosperms	  [23].	  Lopez	  et	  al.	   [26]	  hold	  a	  US	  patent	  of	  a	  scented	  bait	  
for	  monitoring	  and	  controlling	  Cyclocephala	  and	  other	  scarabs,	  composed	  of	  a	  mix	  of	  phenyl	  acetal-­‐
dehyde,	  2-­‐phenylethanol,	  limonene,	  methyl-­‐2-­‐methoxybenzoate,	  and	  methyl	  salicylate.	  
Analogies	  in	  floral	  scent	  composition	  might	  be	  responsible	  for	  the	  observation	  that	  cyclocepha-­‐
line	  scarabs	  are	  not	  very	  species-­‐specific	  and	  frequently	  switch	  from	  flowering	  a	  species	  to	  another	  
if	  they	  are	  in	  bloom	  at	  the	  same	  time	  [13,27].	  Not	  only	  will	  some	  species	  of	  beetles	  switch	  from	  one	  
species	  to	  the	  next,	  as	   is	  known	  for	  certain	  pollinators	  of	  Dieffenbachia	   [28]	  and	  Philodendron	   [29-­‐
31],	  but	  will	  also	  switch	  to	  another	  genus,	  tribe	  or	  even	  family	  [27].	  For	  instance,	  Cyclocephala	  colasi	  
Endrödi,	  1964	  is	  the	  main	  pollinator	  of	  both	  Montrichardia	  arborescens	  [24]	  and	  Philodendron	  soli-­‐
moensense	  A.C.	  Smith	  in	  French	  Guyana	  [29].	  Another	  undescribed	  species	  is	  a	  regular	  flower	  visitor	  
of	  sympatric	  populations	  of	  Dieffenbachia	  longispatha	  Engl.	  &	  K.	  Krause	  (Araceae)	  [28]	  and	  Cyclan-­‐
thus	   bipartitus	   Poit.	   ex	   A.	   Rich.	   (Cyclanthaceae)	   [14]	   in	   La	   selva,	   Costa	   Rica.	   In	   Brazil,	  C.	   latericia	  
Höhne,	  1923	  is	  found	  on	  inflorescences	  of	  Taccarum	  ulei	  Engl.	  &	  K.	  Krause	  (Araceae)	  in	  the	  Atlantic	  
Rainforest	  [CHAPTER	  IV],	  but	  it	  is	  also	  a	  known	  pollinator	  of	  Annona	  crassiflora	  Mart.	  (Annonaceae)	  in	  
Cerrado	  [32].	  
An	  assumption	  that	  summarizes	  the	  odoriferous	  chemical	   interaction	  within	  these	  pollination	  
systems	  to	  simple	  sets	  of	  floral	  volatiles	  seems,	  nevertheless,	  unwarranted.	  	  Schatz	  [13]	  emphasizes,	  
for	  example,	  to	  the	  high	  degree	  of	  specificity	  that	  is	  exhibited	  by	  Philodendron	  radiatum	  Schott	  and	  
by	  an	  unidentified	  species	  of	  Cyclocephala	  in	  La	  Selva,	  Costa	  Rica.	  The	  aroma	  given	  off	  by	  P.	  radia-­‐
tum	   is	  particularly	  unique	   in	  that	   it	   is	  made	  up	  of	  compounds	  that	  are	  found	  in	  this	  species	  alone	  
[27].	  It	  seems	  logic	  that	  specific	  attractants	  exist	  in	  many	  different	  aroids,	  due	  to	  the	  fact	  that	  many	  
flowering	  species	  attract	  principally	  a	  single	  type	  of	  beetle	  [27].	  For	  instance,	  strong	  and	  spicy	  floral	  
fragrances	  given	  off	  by	  upland	  Atlantic	  Forest	  populations	  of	  Philodendron	  selloum	  K.	  Koch	  are	  high-­‐
ly	   attractive	   to	   a	   single	   beetle	   species,	  Erioscelis	   emarginata	  Mannerheim	  1829,	   upon	  which	   this	  
species	  probably	  rely	  as	  the	  only	  effective	  pollinator	  [33].	  Even	  more	  intricate	  relationships	  are	  to	  be	  
found,	  as	  observed	  in	  syntopic	  populations	  of	  Philodendron	  acutatum	  Schott,	  Caladium	  bicolor	  (Ai-­‐
ton)	  Vent.	  and	  Taccarum	  ulei	  in	  the	  Atlantic	  Forest	  of	  northeastern	  Brazil.	  Among	  those,	  C.	  latericia	  
visits	  solely	  inflorescences	  of	  the	  latter	  [CHAPTER	  IV],	  whereas	  congeneric	  C.	  celata	  Dechambre,	  1980	  
seems	   to	   be	  more	   generalistic,	   visiting	   inflorescences	   of	   all	   three	   aroids,	   indistinctively	   [CHAPTER	   I;	  
CHAPTER	  IV].	  
Further	  comparative	  studies	  are	  strongly	  needed	  with	  floral	  odors	  of	  cantharophilous	  Araceae	  
in	  order	  to	  assess	  the	  cues	  by	  which	  distinct	  cyclocephaline	  scarab	  beetle	  species	  respond	  to	  select-­‐
ed	   attractive	   volatiles.	   Characterization	   of	   floral	   fragrances	   from	   distinct	   aroid	   species	   and	   ever-­‐
lacking	  detailed	  experiments	  on	  the	  behavior	  of	  the	  scent-­‐driven	  pollinators	  should	  yield	  important	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conclusions	  on	  the	  particular	  aspects	  of	  the	  syndrome,	  as	  well	  as	  clearer	  results	  on	  the	  set	  of	  attrac-­‐
tive	  volatiles	  involved.	  
Cyclocephalini	  -­‐	  life	  cycle	  and	  biology	  
Much	  of	  what	   is	  currently	  known	  about	  the	   life	  cycles	  of	  cyclocephaline	  scarab	  beetles	  relies	  
on	  data	  of	  species	  associated	  to	  agricultural	  systems	  and	  pastures	  [34-­‐37].	  Scientific	  literature	  men-­‐
tions	  genera	  Cyclocephala	  and	  Erioscelis	  as	  rhizophagous	  and	  saprophagous	  [20,38],	  but	  there	  is	  ur-­‐
gent	  need	  for	  more	  detailed	  studies.	  One	  of	  the	  species	  of	  Cyclocephala	  that	  has	  been	  thoroughly	  
studied	  regarding	  its	  biology	  is	  C.	  lurida	  Bland,	  1863,	  a	  major	  pest	  concern	  of	  garden	  lawns	  and	  golf	  
courses	  in	  North	  America	  [34].	  
The	  complete	  life	  cycle	  of	  this	  species	  takes	  the	  course	  of	  one	  year.	  Adult	  beetles	  emerge,	  ma-­‐
te,	  and	  lay	  eggs	  in	  midsummer,	  mainly	  from	  late	  June	  until	  early	  August.	  As	  common	  to	  most	  Dynas-­‐
tinae,	  females	  burrow	  into	  the	  substrate	  to	  lay	  their	  eggs,	  which	  hatch	  in	  about	  two	  weeks.	  First	  in-­‐
star	  grubs	  grow	  quickly,	   feeding	  on	  fine	  roots	  and	  organic	  matter.	  Grubs	  molt	   twice	  as	   they	  grow	  
and	  most	  of	  them	  are	  third	  instars	  by	  late	  summer	  or	  early	  fall.	  In	  October	  or	  November,	  when	  soil	  
temperatures	   begin	   to	   cool,	   the	   grubs	   cease	   feeding	   and	  move	   deeper	   into	   the	   soil,	  where	   they	  
spend	   the	   winter.	   They	   return	   to	   the	   root	   zone	   and	   resume	   feeding	   early	   the	   following	   spring.	  
When	  mature	  (typically	  in	  late	  May),	  the	  grubs	  again	  move	  deeper,	  form	  an	  earthen	  cell,	  and	  trans-­‐
form	  into	  pupae.	  The	  adult	  beetles	  emerge	  a	  few	  weeks	  later,	  in	  June	  and	  July,	  to	  complete	  the	  one-­‐
year	  cycle	  [39].	  
Accomplishment	  in	  rearing	  viable	  imagoes	  from	  insects	  captured	  in	  the	  wild	  should	  yield	  valu-­‐
able	  material	   for	  experimental	  purposes.	   Furthermore,	   it	  would	  be	  a	   first	   step	   towards	  pollinator	  
management	  of	   these	   insects,	  which	   are	  not	   only	   essential	   to	   the	   reproductive	   success	   of	   angio-­‐
sperms	   in	  natural	  ecosystems,	  but	  also	  to	  some	  economically	   important	   fruit	  cultures,	   like	  that	  of	  
the	   soursop	   (Anonna	  muricata	   L.,	   Annonaceae)	   [40,41].	   Studies	  on	   the	  ontogenic	   development	  of	  
Cyclocephala	  are	  currently	  restricted	  to	  less	  than	  3.0%	  of	  the	  known	  species,	  none	  of	  which	  native	  
to	  the	  Atlantic	  Forest.	  
	  
2.	  Presentation	  
	  
The	  core	  theme	  of	  this	  thesis	  lies	  on	  the	  elucidation	  of	  details	  of	  the	  scent-­‐mediated	  pollination	  
mutualisms	   involving	  cyclocephaline	  scarab	  beetles	  of	  the	  genus	  Cyclocephala	  and	  Neotropical	  ar-­‐
oids.	  Essential	  knowledge	  of	  the	  life	  cycles	  of	  these	  highly	  specialized	  pollinators	  is	  also	  presented,	  
along	  with	   the	  development	  of	  easily	  applicable	  captivity	  breeding/rearing	  protocols	   for	   these	   in-­‐
sects.	  The	  results	  were	  compiled	   in	  six	  chapters	  structured	  as	   individual	  manuscripts	   for	  scientific	  
journals.	  Formatting	  and	  diagramation	  of	  the	  text	  were	  chosen	  by	  the	  author	  and	  do	  not	  reflect	  the	  
norms	  of	  specific	  journals	  to	  which	  they	  will	  be	  submitted,	  for	  the	  purpose	  of	  standardization.	  
CHAPTER	  I	  consists	  on	  a	  study	  of	  the	  pollination	  biology	  of	  Philodendron	  acutatum	  Schott.	  (Arace-­‐
ae),	  emphasizing	  on	  the	  role	  of	  a	  scent-­‐driven	  species	  of	  scarab	  beetle	  as	  the	  exclusive	  pollinator	  of	  
indigenous	   populations	   of	   the	   aroid	   in	   a	   fragmented	   landscape	   of	   the	   Atlantic	   Forest	   domain	   of	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northeastern	   Brazil.	  When	   published	   at	   the	   International	   Journal	   of	   Plant	   Sciences	   in	   September	  
2010,	  it	  presented	  for	  the	  first	  time	  the	  detailed	  floral	  scent	  composition	  of	  a	  Neotropical	  aroid	  pol-­‐
linated	  by	   cyclocephaline	   scarab	  beetles.	   Results	   show	   that	  P.	   acutatum	   is	   self-­‐incompatible	   as	   a	  
consequence	  of	  protoginy	  and	  relies	  solely	  on	  Cyclocephala	  celata	  to	  achieve	  reproductive	  success.	  
High	  fructification	  rates	  observed	  during	  the	  study	  clearly	  indicate	  that	  the	  plant-­‐pollinator	  relation-­‐
ship	  is	   locally	  stable	  and	  not	  particularly	  prone	  to	  the	  deleterious	  effects	  of	  fragmentation	  and	  re-­‐
duction	  of	  original	  forest	  cover.	  
CHAPTER	  II	  is	  a	  complete	  depiction	  of	  the	  floral	  scent	  composition	  of	  Caladium	  bicolor,	  a	  geophytic	  
aroid	  pollinated	  by	  cyclocephaline	  scarabs.	  This	  species	  grows	   in	  the	  same	   locality	  as	  P.	  acutatum	  
and	  allowed	  a	  comparative	  study	  on	  the	  chemical	  aspect	  of	  the	  pollination	  biology.	  The	  main	  result	  
of	  this	  research	  is	  the	  identification	  of	  a	  novel	  floral	  volatile	  compound,	  4-­‐methyl-­‐5-­‐vinylthiazole,	  as	  
a	  prominent	  constituent	  of	  the	  fragrance	  of	  C.	  bicolor.	  
CHAPTER	  III	  confirms	  with	  behavioral	  experiments	  the	  major	  role	  of	  4-­‐methyl-­‐5-­‐vinyltiazole	  in	  spe-­‐
cific	   attraction	   of	   cyclocephaline	   scarab	   beetle	   pollinators.	   The	   result	   that	   a	   single	   volatile	   com-­‐
pound	   can	   induce	   positive	   attractive	   responses	   of	   the	   pollinators	   of	  C.	   bicolor	   is	   totally	   new.	   By	  
comparing	  the	  floral	  scent	  composition	  of	  C.	  bicolor	  to	  that	  of	  other	  plants	  sharing	  the	  same	  pollina-­‐
tion	  syndrome,	  we	  also	  provide	  an	  original	  report	  of	  convergently	  evolved	  ‘private	  communication	  
channels’	  within	  unrelated	  lineages	  of	  basal	  angiosperms.	  
CHAPTER	   IV	   is	   focused	   on	   the	   reproductive	   ecology	   of	  Taccarum	  ulei,	   a	   poorly	   understood	   geo-­‐
phytic	  aroid	  of	  the	  tribe	  Spathicarpeae,	  and	  the	  role	  of	  singular	  groups	  of	   insect	  visitors	  as	  highly-­‐
specialized	   pollinators	   or	   flower	   predators.	   Different	   defining	   aspects	   of	   floral	   morphology	   and	  
physiology,	  including	  general	  inflorescence	  buildup	  and	  detailed	  characterization	  of	  thermogenesis	  
are	  presented.	  Taccarum	  ulei	  was	  characterized	  as	  an	  unusual	  cyclocephaline	  scarab-­‐pollinated	  ar-­‐
oid	  when	  taken	  into	  account	  its	  color	  presentation	  and	  the	  close	  relationship	  with	  fruit-­‐visiting	  flies	  
(Melanoloma	  sp.,	  Richardiidae).	  Comparison	  of	  specific	  sets	  of	  floral	  traits	  to	  those	  of	  other	  known	  
aroids	  confirm	  similarities	  with	  taxa	  that	  exhibit	  a	  beetle	  pollination	  syndrome.	  
CHAPTER V	   includes	  the	  characterization	  of	  the	  floral	  scent	  composition	  of	  Taccarum	  ulei	  and	  the	  
investigation	  of	  the	  role	  of	  prominent	  volatile	  constituents	  in	  the	  overall	  fragrant	  bouquet	  as	  effec-­‐
tive	   attractants	   of	   pollinating	   cyclocephaline	   scarabs.	   Two	   uncommon	   compounds	   dominate	   the	  
floral	  odor	  and	  we	  found	  a	  new	  behaviorally	  active	  compound,	  the	  aliphatic	  acyloin	  (S)-­‐2-­‐hydroxy-­‐5-­‐
methyl-­‐3-­‐hexanone.	  Analogies	  and	  dissimilarities	  in	  the	  floral	  scents	  of	  syntopic	  aroids	  sharing	  the	  
same	  pollinators	  are	  highlighted,	  particularly	  the	  fact	  that	  the	  same	  two	  compounds	  dominate	  the	  
floral	  scent	  of	  P.	  acutatum,	  only	  in	  different	  proportions.	  
CHAPTER	  VI	  depicts	  the	  egg	  development	  and	  ontogeny	  of	  four	  species	  of	  Cyclocephala	  native	  to	  
the	  Atlantic	  Forest	  of	  northeastern	  Brazil.	  The	   research	  adds	  up	   to	   the	  very	   limited	  studies	  about	  
the	   captivity	   breeding	   and	   rearing	   of	   these	   insects	   and	   offers	   initial	   protocols	   for	   the	   controlled,	  
large-­‐scale	  reproduction	  of	  specialized	  pollinators	  in	  the	  near	  future.	  Moreover	  we	  gather	  interest-­‐
ing	  ecological	  data	  on	  the	  studied	  species	  and	  learn	  the	  durations	  of	  immature	  and	  adult	  cycles.	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3.	  Overall	  discussion	  
	  
The	   pollination	   systems	   scrutinized	   in	   this	   thesis	   are	   all	   characterized	   by	   the	   release	   of	   very	  
strong	  floral	  fragrances,	  a	  typical	  strategy	  among	  night-­‐blooming	  angiosperms	  which	  apply	  olfactory	  
trails	  as	  the	  main	  attractivity	  signal	  for	  effective	  pollinators	  [7,11,12].	   
We	  have	  encountered	  simple	  compound	  blends	  in	  the	  analyzed	  samples	  of	  the	  three	  species.	  
Not	  only	  were	  there	  few	  constituents	  (less	  than	  20)	  in	  each	  of	  the	  floral	  bouquets,	  they	  each	  only	  
contained	  two	  to	  four	  prominent	  compounds	  that	  accounted	  for	  over	  95%	  of	  total	  scent	  discharge	  
[CHAPTERS	   I, II, V].	  This	  presentation	  is	  rather	  contrasting	  with	  the	  scenario	  portrayed	  for	  most	  plant	  
taxa	  pollinated	  by	  highly	  specialized	  insect	  pollinators,	  in	  which	  the	  complexity	  of	  floral	  scent	  blends	  
easily	  surpasses	  80	  constituents	  [42,43].	  Often,	   it	   is	   in	  this	  very	  complexity	  that	   lays	  the	  trigger	  for	  
behavioral	  responses	  of	  pollinators,	  and	  several	  compounds	  might	  act	  synergistically	  within	  a	  very	  
narrow	  concentration	  range	  upon	  discharge	  to	  be	  attractive	  [44].	  
Unlike	  what	   was	   previously	   expected,	   benzenoid	   and	   phenylpropanoid	   derivatives	   were	   not	  
linked	  to	  the	  attraction	  of	  cyclocephaline	  scarab	  pollinators	  to	  fragrant	  inflorescences	  of	  Caladium	  
bicolor,	   Philodendron	   acutatum	   or	   Taccarum	   ulei	   [CHAPTERS	   I, II, V].	   This	   class	   of	   compounds	   was	  
actually	  absent	  from	  the	  pungent,	  yeasty-­‐like	  odor	  of	  the	  analyzed	  samples	  of	  T.	  ulei	  and	  accounted	  
to	   less	   than	  0.05%	  of	   the	   scent	  discharge	  of	  P.	  acutatum.	  Nonetheless,	  methoxylated	  benzenoids	  
were	   particularly	   well	   represented	   in	   the	   scent	   of	   C.	   bicolor	   and	   1,3,5-­‐trimethoxybenzene,	   the	  
largest	   peak	   in	   the	   sweet-­‐scented	   analyzed	   samples,	   accounted	   to	   43-­‐60%	   of	   the	   total	   blend	  
[CHAPTER	   II].	   Attractivity	   biotests,	   however,	   revealed	   that	   it	   was	   another	   compound,	   rather	   than	  
1,3,5-­‐trimethoxybenzene,	   which	   elicited	   behavioral	   responses	   of	   the	   effective	   pollinator	   of	   the	  
species	  in	  northeastern	  Brazil	  [CHAPTER	  III].	  	  
A	   simple	   comparative	   analysis	   of	   the	   floral	   scents	   of	   the	   three	   aroid	   species	   rapidly	   showed	  
that	   the	   composition	   of	   Caladium	   bicolor	   bore	   no	   major	   similarities	   to	   that	   of	   the	   other	   two,	  
whereas	   the	   fragrances	   of	   P.	   acutatum	   and	   T.	   ulei	   presented	   exactly	   the	   same	   prominent	  
constituents	  (refer	  to	  table	  1	  in	  CHAPTER	  V).	  The	  novel	  floral	  scent	  molecule	  isolated	  in	  C.	  bicolor,	  4-­‐
methyl-­‐5-­‐vinylthiazole,	  was	  actually	  identified	  among	  unrelated	  Annona	  (Annonaceae)	  pollinated	  by	  
cyclocephaline	   scarabs,	   also	   as	   a	   major	   compound	   [CHAPTER	   III].	   Field	   biotests	   with	   undiluted	  
authentic	  standard	  of	  this	  floral	  volatile	  proved	  it	  to	  be	  highly	  attractive	  to	  pollinating	  Cyclocephala	  
scarabs	  [CHAPTER	  III].	  This	  kind	  of	  behavioral	  response	  to	  a	  specific	  chemical	  compound,	  regardless	  of	  
its	   concentration	   or	   relative	   amount	   in	   a	   complex	   mix,	   is	   very	   uncommon	   in	   plant-­‐pollinator	  
mutualisms.	   In	   these	   ‘private	   communication	   channels’	   of	   scent-­‐driven	   pollination	   mutualisms,	  
exclusive	  floral	  fragrance	  blends	  or	  isolated	  compounds	  exert	  taxa-­‐restricted	  attractiveness	  towards	  
specific	   flower	   visitors	   [44].	   Such	   strictness	   is	   often	   attributed	   to	   rare	   bioactive	   compounds,	  
synthesized	   in	  unusual	  metabolic	  pathways	   that	  are	  ultimately	   irreproducible	  by	   chance	   [45].	   The	  
rare	   monoterpene	   (E)-­‐carvone	   oxide	   was	   only	   ever	   isolated	   among	   plant	   taxa	   pollinated	   by	  
fragrance-­‐seeking	   male	   euglossine	   bees	   [43,46-­‐49]	   and	   functions	   as	   a	   main	   attractive	   signal	   for	  
innumerous	  species	  of	  these	  highly	  specialized	  pollinators	  [50].	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The	  main	  compounds	  in	  the	  floral	  scents	  of	  Philodendron	  acutatum	  and	  T.	  ulei	  were	  also	  tested	  
in	  both	  field	  and	  controlled	  biotests	  [CHAPTER	  V].	  Our	  results	  indicate	  that	  (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐
hexanone	  is	  a	  attractive	  to	  Cyclocephala	  celata	  and	  Cyclocephala	  latericia,	  whereas	  the	  other	  major	  
compound	   in	   the	  blend	  of	   the	   two	  species,	  dihydro-­‐β-­‐ionone,	   seems	   to	  play	  no	   role	   in	   luring	   the	  
scarab	  beetles.	   It	  may	  be	   that	  other	   cyclocephaline	   scarab-­‐pollinated	   taxa	  have	   similarly	   adopted	  
the	   strategy	   of	   utilizing	   specific	   compounds	   to	   attain	   pollinator	   selectivity.	   The	   floral	   scent	   of	  
Cyclanthus	  bipartitus	  Poit.	  ex	  A.	  Rich	  (Cyclanthaceae),	  whose	  thermogenic	  inflorescences	  are	  visited	  
by	  two	  species	  of	  Cyclocephala,	  is	  dominated	  by	  an	  exclusive	  homoterpene,	  (E)-­‐cyclanthone	  (>	  85%	  
of	   the	   floral	   blend)	   [51].	   Unusual	   methoxylated	   esters	   found	   in	   the	   scent	   of	  Nymphaea	   lotus	   L.	  
(Nymphaeaceae)	   could	   well	   be	   involved	   in	   the	   attraction	   of	   Ruteloryctes	   morio	   Fabricius,	   1798	  
effective	  pollinator	  of	  indigenous	  populations	  of	  the	  water	  lily	  in	  West	  Africa	  [10].	  
At	  first,	   it	  seemed	  obvious	  that	  analogies	  in	  pollinator	  specificity	  and	  floral	  scent	  composition	  
among	   the	   three	   species	  of	  Araceae	  approached	   in	   the	  present	   study	  would	  provide	   information	  
regarding	  the	  details	  of	  pollinator	  attractivity.	  The	  fact	  that	  they	  all	  shared	  a	  common	  pollinator,	  C.	  
celata,	  suggested	  that	  the	  three	  species	  of	  aroids	  would	  apply	  similar	  chemical	  cues	  for	  pollinator	  
attractivity,	   likely	   through	   the	   selection	   of	   a	   specific	   compound	   or	   a	   particular	   compound	   blend.	  
Although	  scent	  can	  explain	  the	  selectivity	  towards	  a	  certain	  group	  of	  pollinators,	  as	  it	  was	  the	  case	  
of	  Cyclocephala	  and	  the	  studied	  aroids,	  there	  is	  a	  clear	  barrier	  in	  the	  intent	  of	  defining	  the	  details	  
involved	   in	   the	   specificity	  of	   the	   relationships.	   From	  our	  observations,	   it	   is	   clear	   that	   4-­‐methyl-­‐5-­‐
vinylthiazole	   and	   (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	   play	   the	   role	   of	   main	   attractive	   cues	   for	  
Cyclocephala	  beetles,	  defining	  the	  pollination	  syndrome.	  How	  these	  species	  assure	  effective	  pollen	  
transfer	   through	  pollinator	   selectivity,	   nonetheless,	  might	   involve	   complex	  multicomponent	   floral	  
filters	  which	   could	  not	  be	   tackled	   in	   the	  present	   study	   (eg.	   stratification,	   differences	   in	   flowering	  
periods,	   acquired/learnt	   preferences	   by	   the	   insects).	   From	   an	   exclusively	   olfactory-­‐based	  
standpoint,	  Whitten	  [50]	  has	  showed	  that	  among	  orchids,	  interaction	  exclusiveness	  is	  attained	  with	  
increasing	  complexity	  of	   floral	   scent	  composition	   in	  addition	  to	  a	  main	  olfactory	  signal.	  We	  might	  
expect	  the	  same	  within	  cyclocephaline	  scarab-­‐pollinated	  Araceae,	  but	  at	  a	  lower	  degree,	  since	  their	  
floral	   scents	   are	   far	  more	  modest	   in	   composition	   (less	   than	  20	   compounds)	   [CHAPTERS	   I, II, V].	   Less	  
complex	  attractive	  signals	  might	  result	  in	  a	  laxer	  degree	  of	  specialization	  and	  in	  fact	  it	  is	  not	  unusual	  
that	   a	   given	   species	   of	   cyclocephaline	   scarab	   is	   observed	   on	   different	   host	   plants	   in	   the	   same	  
window	  of	  time	  [13,27,52].	  
This	  low	  degree	  of	  olfactory	  signal	  complexity	  is	  also	  clearly	  shown	  by	  a	  NMDS	  analysis	  of	  floral	  
bouquets	  of	  taxa	  sharing	  the	  same	  pollination	  syndrome	  (fig.	  1).	  Distances	  between	  floral	  bouquets	  
represent	  differences	  not	  in	  terms	  of	  the	  chemical	  groups	  constituting	  the	  floral	  odor,	  but	  rather	  in	  
terms	  of	  compound	  blend	  complexities.	  When	  discarded	  the	  compounds	  which	  encompassed	   less	  
than	  1%	  of	   the	   total	  blend,	  most	  of	   the	   species	   (12	  out	  of	  18;	  66.7%)	  are	  distributed	  around	   the	  
origin	  of	  the	  graph	  as	  a	  consequence	  of	  their	  simple	  floral	  compositions	  (three	  or	  less	  compounds).	  
Even	   the	   most	   complex	   floral	   odor,	   belonging	   to	   the	   Arecaceae	   Bactris	   gasipaes	   Kunth	   [53],	   is	  
relatively	  simple	  with	  11	  compounds	   if	  compared	  to	  orchids	  floral	  scents	  containing	  many	  tens	  of	  
compounds	   [43].	   Hence,	   it	   seems	   that	   in	   evolutionary	   terms,	   angiosperms	   pollinated	   by	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cyclocephaline	  scarab	  beetles	  present	  floral	  odors	  with	  a	  limited	  complexity	  in	  terms	  of	  numbers	  of	  
compounds,	   although	   often	   dominated	   by	   unusual	   prominent	   compounds	   that	   ensure	   their	  
originality.	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Figure	  3.	  Non-­‐metric	  multidimensional	  scaling	  (NMDS)	  representation	  of	  the	  floral	  scent	  composition	  of	  
18	   angiosperm	   taxa	   pollinated	   by	   cyclocephaline	   scarab	   beetles	   (Scarabaeidae,	   Dynastinae).	   Only	   the	  
compounds	   encompassing	   over	   1%	   of	   overall	   relative	   composition	   were	   pooled	   for	   analysis.	   Species	  
nearer	   the	   core	   of	   the	   graph	   are	   comprised	   by	   fewer	   compounds,	   whereas	   those	   nearer	   the	   edges	  
present	  more	  complex	  compositions.	  List	  of	  taxa	  included:	  Annonaceae	  -­‐	  Annona	  coriacea,	  A.	  crassiflora,	  
A.	  dioica,	  A.	  montana	  [CHAPTER	  III],	  and	  A.	  muricata	  [MAIA	  ET.	  AL.	  UNP.	  DATA];	  Araceae	  -­‐	  Caladium	  bicolor	  [CHAPTER	  
II],	  Montrichardia	  linifera	  [MAIA	  ET.	  AL.	  UNP.	  DATA],	  Philodendron	  acutatum	  [CHAPTER	  I],	  Taccarum	  ulei	  [CHAPTER	  V].	  
Arecaceae	   -­‐	  Aphandra	  natalia,	  Phytelephas	  aequatorialis,	  P.	  macrocarpa,	  P.	   seemanyi	   (Ervik	  et	  al.	   [53]),	  
and	   Bactris	   gasipaes	   (Knudsen	   et	   al.	   [54]);	   Cyclanthaceae	   -­‐	   Cyclanthus	   bipartitus	   (Schultz	   et	   al.	   [51]);	  
Nymphaeaceae	   -­‐	   Victoria	   cruziana,	   V.	   amazonica	   (Kaiser	   [25]);	   Magnoliaceae	   -­‐	  Magnolia	   tamaulipana	  
(Azuma	  et	  al.	  [55]).	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4.	  Conclusions	  and	  perspectives	  
	  
It	  became	  clear	  that	  simple	  chemolfactory	  signals	  play	  a	  key	  role	  in	  the	  attraction	  of	  pollinating	  
cyclocephaline	  scarab	  beetles	   in	  the	  plant-­‐insect	  mutualisms	  portrayed	   in	  this	  thesis.	  Unusual	  and	  
biosynthetically	   diverse	   compounds	   (e.g.	   4-­‐methyl-­‐5-­‐vinylthiazole	   and	   (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐
hexanone)	  elicit	  direct	  behavioral	  response	  of	  Cyclocephala	  celata	  and	  C.	  latericia	  with	  a	  rather	  ac-­‐
centuated	  degree	  of	  selectivity,	  ensuring	  specialized	  pollination	  services	  and	   increased	  chances	  of	  
effective	  cross-­‐pollen	   transfer.	  These	   findings	  pave	   the	  way	   for	   further	   investigations	   into	   the	  de-­‐
tails	  of	  scent-­‐mediated	  attraction	  in	  other	  similar	  pollination	  systems,	  which	  should	  soon	  add	  up	  to	  
a	  more	  detailed	  depiction	  of	  the	  ‘cyclocephaline	  scarab	  pollination	  syndrome’.	  Data	  on	  floral	  scents	  
alone	  undoubtedly	  indicate	  that	  several	  untested	  compounds	  might	  play	  a	  role	  in	  the	  attraction	  of	  
different	  species	  of	  cyclocephaline	  scarab	  beetles,	  an	  open	  field	  for	  upcoming	  research.	  
We	  are	  still	  unable	  to	  make	  deeper	  inferences	  about	  how	  the	  three	  species	  of	  aroids	  depicted	  
in	  this	  study	  share	  a	  common	  pollinator	  and	  manage	  to	  guarantee	  exceptional	  reproductive	  success	  
[CHAPTERS	  I, II, IV].	  It	  might	  be	  that	  subgroups	  within	  the	  local	  populations	  of	  C.	  celata	  respond	  more	  
intensely	   to	   either	   4-­‐methyl-­‐5-­‐vinylthiazole	   or	   (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone,	   probably	  
through	  mechanisms	  of	   learnt	  preference.	  Naïve	   individuals	   should	  be	   innately	   attracted	   to	  main	  
chemolfatory	  signals	  and	  then	  become	  more	  selective	  towards	  specific	  hosts	  once	  they	  are	  familiar-­‐
ized	   with	   more	   complex	   floral	   bouquets	   [56,57].	   This	   assumption,	   however,	   relies	   on	   submitting	  
both	  naïve	  and	  experienced	  individuals	  to	  the	  same	  set	  of	  controlled	  behavioral	  bioassays.	  The	  suc-­‐
cess	   in	   rearing	   and	   breeding	  Cyclocephala	   in	   captivity	   improves	   the	   probability	   that	   such	   experi-­‐
ments	  are	  performed	  in	  the	  near	  future.	  
	  
	  
Summary	  
	  
9	  
Literature	  cited	  
[1] Barth	  F.G.	  (1991)	  Insects	  and	  Flowers:	  The	  Biology	  of	  a	  Partnership.	  Princeton	  University	  Press,	  
New	  Jersey.	  
[2] Grimaldi,	  D.,	  and	  M.S.	  Engel	  (2005).	  Evolution	  of	  the	  insects.	  Cambridge	  University	  Press,	  
Cambridge.	  
[3] Azuma	  H.,	  L.B.	  Thien,	  and	  S.	  Kawano	  (1999).	  Floral	  scents,	  leaf	  volatiles	  and	  thermogenic	  flowers	  in	  
Magnoliaceae.	  Plant	  Sp	  Biol	  14,	  121-­‐127.	  
[4] Pellmyr	  O.,	  and	  L.B.	  Thien	  (1986).	  Insect	  reproduction	  and	  floral	  fragrances:	  Keys	  to	  the	  evolution	  
of	  the	  angiosperms?	  Taxon	  35,	  76-­‐85.	  
[5] Meeuse	  B.J.D.,	  and	  I.	  Raskin	  (1988).	  Sexual	  reproduction	  in	  the	  Arum	  lily	  family	  with	  emphasis	  on	  
thermogenicity.	  Sexual	  Plant	  Reproduction	  1,	  3-­‐15.	  
[6] Gottsberger	  G.	  (1990).	  Flowers	  and	  beetles	  in	  the	  South	  American	  tropics.	  Bot	  Acta	  103,	  360-­‐365.	  
[7] Thien	  L.B.	  et	  al.	  (2009).	  Pollination	  biology	  of	  basal	  angiosperms	  (ANITA	  grade).	  Amer	  J	  Bot	  96,	  166-­‐
182.	  
[8] Seymour	  R.S.,	  C.R.	  White,	  M.	  Gibernau	  (2003).	  Heat	  reward	  for	  insect	  pollinators.	  Nature	  426,	  243-­‐
244.	  
[9] Endress	  P.K.	  (1996)	  Diversity	  and	  Evolutionary	  Biology	  of	  Tropical	  Flowers.	  Cambridge	  University	  
Press,	  Cambridge.	  
[10] Ervik	  F.,	  J.T.	  Knudsen	  (2003).	  Water	  lilies	  and	  scarabs:	  faithful	  partners	  for	  100	  million	  years?	  Biol	  J	  
Linn	  Soc	  80,	  539-­‐543.	  
[11] Gottsberger	  G.	  (1986).	  Some	  pollination	  strategies	  in	  neotropical	  savannas	  and	  forests.	  Plant	  Syst	  
Evol	  152,	  29-­‐45.	  
[12] Bernhardt	  P.	  (2000).	  Convergent	  evolution	  and	  adaptive	  radiation	  of	  beetle-­‐pollinated	  angio-­‐
sperms.	  Plant	  Syst	  Evol	  222,	  293-­‐320,	  
[13] Schatz	  G.E.	  (1990).	  Some	  aspects	  of	  pollination	  biology	  in	  Central	  American	  forests.	  Pages	  69-­‐84	  in	  
K.S.	  Bawa,	  and	  M	  Hadley	  eds.	  Reproductive	  Ecology	  of	  Tropical	  Forest	  Plants.	  Parthenon,	  Paris.	  
[14] Beach	  J.H.	  (1982).	  Beetle	  pollination	  of	  Cyclanthus	  bipartitus	  (Cyclanthaceae).	  Amer	  J	  Bot	  69,	  1074-­‐
1081.	  
[15] Silberbauer-­‐Gottsberger	  I.	  (1990).	  Pollination	  and	  evolution	  in	  palms.	  Phyton	  30,	  213-­‐223.	  
[16] Dieringer	  G.,	  L.	  Cabrera,	  M.	  Lara,	  L.	  Loya,	  and	  P.	  Reyes-­‐Castillo	  (1999).	  Beetle	  pollination	  and	  floral	  
thermogenicity	  in	  Magnolia	  tamaulipana.	  Int	  J	  Plant	  Sci	  160,	  64-­‐71.	  
[17] Silberbauer-­‐Gottsberger	  I.,	  G.	  Gottsberger,	  and	  A.C.	  Webber	  (2003).	  Morphological	  and	  functional	  
flower	  characteristics	  of	  New	  and	  Old	  World	  Annonaceae	  with	  respect	  to	  their	  mode	  of	  
pollination.	  Taxon	  52,	  701-­‐718.	  
[18] Ratcliffe	  B.C.,	  and	  R.D.	  Cave	  (2006).	  The	  dynastine	  scarab	  beetles	  of	  Honduras,	  Nicaragua,	  and	  El	  
Salvador.	  Bulletin	  of	  the	  University	  of	  Nebraska	  State	  Museum	  21,	  1-­‐424.	  
[19] Endrödi	  S.	  (1985)	  The	  Dynastinae	  of	  the	  World.	  Dr.	  W.	  Junk	  Publishers,	  Budapest.	  
[20] Lawrence	  F.A.,	  A.M.	  Hasting,	  M.J.	  Dallwitz,	  T.A.	  Paine,	  and	  E.J.	  Zurcher	  (1999).	  Beetles	  of	  the	  
World.	  A	  Key	  and	  Information	  System	  for	  Families	  and	  Subfamilies.	  Version	  1.0	  for	  MS-­‐Windows.	  
CSIRO	  Publishing,	  Melbourne.	  
	  
Summary	  
	  
10	  
	  
[21] Gottsberger	  G.,	  and	  I.	  Silberbauer-­‐Gottsberger	  (1991).	  Olfactory	  and	  visual	  attraction	  of	  Erioscelis	  
emarginata	  (Cyclocephalini,	  Dynastinae)	  to	  the	  inflorescences	  of	  Philodendron	  selloum	  (Araceae).	  
Biotropica	  23,	  23-­‐28.	  
[22] Dobson	  H.E.M.	  (2006).	  Relationship	  between	  floral	  fragrance	  composition	  and	  type	  of	  pollinator.	  
Pages	  148-­‐198	  in	  N.	  Dudareva,	  and	  E.	  Pichersky	  eds.	  Biology	  of	  Floral	  Scent.	  CRC	  Press,	  Boca	  Raton.	  
[23] Knudsen	  J.T.,	  R.	  Eriksson,	  J.	  Gershenzon,	  and	  B.	  Ståhl	  (2006).	  Diversity	  and	  distribution	  of	  floral	  
scent.	  Bot	  Rev	  72,	  1-­‐120.	  
[24] Gibernau	  M.,	  D.	  Barabé,	  D.	  Labat,	  P.	  Cerdan,	  and	  A.	  Dejean	  (2003).	  Reproductive	  biology	  of	  
Montrichardia	  arborescens	  (Araceae)	  in	  French	  Guiana.	  J	  Trop	  Ecol	  19,	  103-­‐107.	  
[25] Kaiser	  R.	  (2006).	  Meaningful	  Scents	  Around	  the	  World:	  Olfactory,	  Chemical,	  Biological,	  and	  Cultural	  
Considerations.	  Wiley-­‐VCH,	  Zurich.	  
[26] Lopez	  J.D.,	  R.L.	  Crocker,	  and	  T.N.	  Shaver	  (2002).	  Attractant	  for	  monitoring	  and	  control	  of	  adult	  
scarabs.	  United	  States	  Patent	  6440406,	  Issued	  on	  August	  27,	  2002.	  
[27] Croat	  T.B.	  (1997).	  A	  revision	  of	  Philodendron	  subgenus	  Philodendron	  (Araceae)	  for	  Mexico	  and	  
Central	  America.	  Ann	  Mo	  Bot	  Gard	  84,	  311-­‐704.	  	  
[28] Young	  H.J.	  (1986).	  Beetle	  pollination	  of	  Dieffenbachia	  longispatha	  (Araceae).	  Amer	  J	  Bot	  73,	  931-­‐
944.	  
[29] Gibernau	  M.,	  D.	  Barabé,	  P.	  Cerdan,	  and	  A.	  Dejean	  (1999).	  Beetle	  pollination	  of	  Philodendron	  
solimoesense	  (Araceae)	  in	  French	  Guiana.	  Int	  J	  Plant	  Sci	  160,	  1135-­‐1143.	  
[30] Gibernau	  M.,	  D.	  Barabé,	  and	  D.	  Labat	  (2000).	  Flowering	  and	  pollination	  of	  Philodendron	  melinonii	  
(Araceae)	  in	  French	  Guiana.	  Plant	  Biol	  2,	  330-­‐333.	  
[31] Gibernau	  M.,	  and	  D.	  Barabé	  (2002).	  Pollination	  ecology	  of	  Philodendron	  squamiferum	  (Araceae).	  
Can	  J	  Bot	  80,	  1-­‐5.	  
[32] Cavalcante	  T.R.M.,	  R.V.	  Naves,	  E.V.	  Franceschinelli,	  and	  R.P.	  Silva	  (2009).	  Polinização	  e	  formação	  
de	  frutos	  em	  Araticum.	  Bragantia	  68,	  13-­‐21.	  
[33] Gottsberger	  G.,	  and	  A.	  Amaral	  Jr	  (1984).	  Pollination	  strategies	  in	  Brazilian	  Philodendron	  species.	  
Ber	  Dtsch	  Bot	  Ges	  97,	  391-­‐410.	  
[34] Ritcher	  P.O.	  (1966).	  White	  Grubs	  and	  Their	  Allies:	  a	  Study	  of	  North	  American	  Scarabaeid	  Larvae.	  
Oregon	  State	  Univ	  Press,	  Corvallis.	  	  
[35] Cherry	  R.H.	  (1985).	  Seasonal	  phenology	  of	  white	  grubs	  (Coleoptera:	  Scarabaeidae)	  in	  Florida	  
sugarcane	  fields.	  J	  Econ	  Entomol	  78,	  787-­‐789.	  
[36] Santos	  V.,	  and	  C.J.	  Ávila	  C	  J	  (2007).	  Aspectos	  bioecológicos	  de	  Cyclocephala	  forsteri	  Endrodi,	  1963	  
(Coleoptera:	  Melolonthidae)	  no	  estado	  do	  Mato	  Grosso	  do	  Sul.	  Rev	  Agric	  82,	  28-­‐30.	  
[37] Rodrigues	  S.R.	  et	  al.	  (2010).	  Aspectos	  biológicos	  de	  Cyclocephala	  verticalis	  Burmeister	  (Coleoptera:	  
Scarabaeidae).	  Neotropical	  Entomology	  39,	  15-­‐18.	  
[38] Marinoni	  R.C.,	  N.G.	  Ganho,	  M.L.	  Monné,	  and	  J.R.M.	  Mermudes	  (2001).	  Hábitos	  alimentares	  em	  
Coleoptera	  (Insecta).	  Holos	  Editora,	  Ribeirão	  Preto.	  	  
[39] Potter	  M.F.,	  and	  D.A.	  Potter	  (1999).	  Controlling	  White	  Grubs	  in	  Turfgrass.	  Kentucky	  Cooperative	  
Extension	  Service,	  Kentucky.	  
[40] Cavalcante	  T.R.M.	  (2000).	  Polinizações	  manual	  e	  natural	  da	  gravioleira	  (Annona	  muricata	  L.).	  MS	  
Diss.	  Universidade	  Federal	  de	  Viçosa.	  
Summary	  
	  
11	  
	  
[41] Maia	  A.C.D.	  et	  al.	  A	  polinização	  da	  gravioleira	  (Annonaceae)	  no	  Estado	  de	  Pernambuco.	  Ministério	  
do	  Meio	  Ambiente,	  Brasília,	  in	  press. 
[42] Knudsen J.T.,	  and	  J.	  Gershenzon	  The	  chemical	  diversity	  of	  floral	  scent.	  Pages	  27-­‐52	  in	  N.	  Dudareva,	  
and	  E.	  Pichersky	  eds.	  Biology	  of	  Floral	  Scent.	  CRC	  Press,	  Boca	  Raton. 
[43] Kaiser	  R.	  (1993).	  The	  Scents	  of	  Orchids:	  Olfactory	  and	  Chemical	  Investigations.	  Elsevier,	  Amsterdan.	  
[44] Raguso	  R.	  (2008).	  Wake	  up	  and	  smell	  the	  roses:	  the	  ecology	  and	  evolution	  of	  floral	  scent.	  Annu	  Rev	  
Ecol	  Evol	  Syst	  39,	  549-­‐569.	  
[45] Schwab	  W.,	  R.	  Davidovich-­‐Rikanati,	  and	  E.	  Lewinsohn	  (2008).	  Biosynthesis	  of	  plant-­‐derived	  flavor	  
compounds.	  Plant	  J	  54,	  712-­‐732.	  
[46] Armbruster	  W.S.,	  S.	  Keller,	  M.	  Matsuki,	  and	  T.P.	  Clausen	  (1989).	  Pollination	  of	  Dalechampia	  
magnoliifolia	  (Euphorbiaceae)	  by	  male	  euglossine	  bees.	  Am	  J	  Bot	  76,	  1279-­‐1285.	  
[47] Teichert	  H.,	  S.	  Dötterl,	  B.	  Zimma,	  M.	  Ayasse,	  and	  G.	  Gottsberger	  (2009).	  Perfume-­‐collecting	  male	  
euglossine	  bees	  as	  pollinators	  of	  a	  basal	  angiosperm:	  the	  case	  of	  Unonopsis	  stipitata	  
(Annonaceae).	  Plant	  Biol.	  11,	  29-­‐37.	  
[48] Gerlach	  G.,	  and	  R.	  Schill	  (1991).	  Composition	  of	  orchid	  scents	  attracting	  euglossine	  bees.	  Bot	  Acta	  
104,	  379-­‐391.	  
[49] Schwerdtfeger	  M.,	  G.	  Gerlach,	  and	  R.	  Kaiser	  (2002).	  Anthecology	  in	  the	  neotropical	  genus	  
Anthurium	  (Araceae):	  a	  preliminary	  report.	  Selbyana	  23,	  258-­‐267.	  
[50] Whitten	  W.M.,	  N.H.	  Williams,	  W.S.	  Armbruster,	  and	  M.A.	  Battiste	  (1986).	  Carvone	  oxide:	  an	  
example	  of	  convergent	  evolution	  in	  euglossine	  pollinated	  plants.	  Syst	  Botany	  11,	  222-­‐228.	  
[51] Schultz	  K.,	  R.	  Kaiser,	  and	  J.T.	  Knudsen	  (1999).	  Cyclanthone	  and	  derivatives,	  new	  natural	  products	  in	  
the	  flower	  scent	  of	  Cyclanthus	  bipartitus	  Poit.	  Flavour	  Fragr	  J	  14,	  185-­‐190.	  
[52] Gottsberger	  G.,	  and	  I.	  Silberbauer-­‐Gottsberger	  (2006).	  Life	  in	  the	  Cerrado:	  a	  South	  American	  
Tropical	  Seasonal	  Ecosystem.	  Vol.	  II.	  Pollination	  and	  Seed	  Dispersal.	  Reta,	  Ulm.	  
[53] Ervik	  F.,	  L.	  Tollsten,	  and	  J.T.	  Knudsen	  (1999).	  Floral	  scent	  chemistry	  and	  pollination	  ecology	  in	  
phytelephantoid	  palms	  (Arecaceae).	  Plant	  Syst	  Evol	  217,	  279-­‐297.	  
[54] Knudsen	  J.T.,	  L.	  Tollsten,	  and	  F.	  Ervik	  (2001).	  Flower	  scent	  and	  pollination	  in	  selected	  Neotropical	  
palms.	  Plant	  Biol	  3,	  642-­‐653.	  
[55] Azuma	  H.	  et	  al.	  (1997).	  Chemical	  divergence	  in	  floral	  scents	  of	  Magnolia	  and	  allied	  genera	  
(Magnoliaceae).	  Plant	  Sp	  Biol	  12,	  69-­‐83. 
[56] Raguso	  R.A.,	  and	  M.A.	  Willis	  (2002).	  Synergy	  between	  visual	  and	  olfactory	  cues	  in	  nectar	  feeding	  
by	  naïve	  hawkmoths,	  Manduca	  sexta.	  Anim	  Behav	  64,	  685-­‐695.	  
[57] _____________	  (2005).	  Synergy	  between	  visual	  and	  olfactory	  cues	  in	  nectar	  feeding	  by	  wild	  
hawkmoths,	  Manduca	  sexta.	  Anim	  Behav	  69,	  407-­‐418.	  
[12]	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Abstract	  
	  
Philodendron	  acutatum	  (Araceae)	  is	  a	  hemiepiphyte	  common	  to	  the	  Atlantic	  Forest	  of	  northeastern	  
Brazil.	   In	   two	   localities,	   we	   studied	   the	   species’	   breeding	   system	   and	   associations	   with	   flower-­‐
visiting	   insects,	   along	   with	   an	   analysis	   of	   its	   floral	   scent	   composition.	   The	   fruit	   set	   of	   self-­‐
incompatible	  P.	   acutatum	   was	   high,	   over	   90%,	   and	   inflorescences	  were	   exclusively	   pollinated	   by	  
one	  species	  of	  scarab	  beetle,	  Cyclocephala	  celata	  (Scarabaeidae,	  Dynastinae).	  Pollinators	  are	  drawn	  
towards	  the	  inflorescences	  at	  dusk	  by	  strong	  floral	  fragrances	  given	  off	  during	  the	  female	  phase	  of	  
anthesis,	  along	  with	  endogenous	  heating	  of	  the	  spadix,	  whose	  temperatures	  were	  recorded	  at	  over	  
11	   °C	  above	  ambient	  air.	  Two	  other	  species	  of	   flower-­‐visiting	  Cyclocephala	  were	  also	  consistently	  
recovered	  in	  blacklight	  trappings	  during	  the	  flowering	  period	  of	  P.	  acutatum.	  The	  fact	  that	  only	  C.	  
celata	  was	  found	  in	  association	  with	  P.	  acutatum	  suggests	  a	  local	  reproductive	  dependence	  of	  the	  
plant	   to	   this	   scarab	   beetle	   species.	  Dihydro-­‐β-­‐ionone	   and	   2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone,	   a	   rare	  
volatile	  molecule	  so	  far	  unreported	  as	  a	  floral	  compound,	  accounted	  together	  for	  over	  97%	  of	  the	  
unique	  scent	  composition	  of	  P.	  acutatum	  and	  might	  be	  involved	  in	  specific	  attraction	  of	  C.	  celata.	  
	  
Keywords:	  Cyclocephala,	  floral	  volatiles,	  pollination	  specificity,	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  success,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
thermogenesis
I 
Pollination	  of	  Philodendron	  acutatum	  (Araceae)	  in	  the	  Atlantic	  
Forest	  of	  northeastern	  Brazil:	  a	  single	  scarab	  beetle	  species	  
guarantees	  high	  fruit	  set 
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1.1	  Introduction	  
	  
Scarab	  beetles	  (Coleoptera,	  Scarabaeidae)	  constitute	  an	  unusual	  group	  of	  pollinating	  insects	  [1-­‐
4].	   Morphological	   adaptations	   towards	   anthophily,	   readily	   recognizable	   among	   many	   bees,	   flies,	  
butterflies,	  moths,	  birds	  and	  bats	  [5,6],	  are	  apparently	  absent	  in	  these	  insects.	  Thus,	  it	  has	  frequent-­‐
ly	  been	  concluded	  that	  they	  are	  unspecialized	  pollinators	  and	  that	  if	  they	  do	  effectively	  pollinate	  a	  
plant	  species,	  it	  is	  only	  by	  chance	  as	  they	  indiscriminately	  visit	  flowers	  to	  feed	  on	  pollen	  and/or	  fer-­‐
tile	   floral	   tissues	   [7].	   Nevertheless,	   in	   tropical	   and	   subtropical	   ecosystems,	   several	  Magnoliaceae,	  
Annonaceae,	  Cyclanthaceae,	  Arecaceae,	  Nymphaeaceae	  and	  Araceae	  rely	  solely	  on	  scarab	  beetles	  
(Dynastinae,	  Cyclocephalini)	  as	  their	  effective	  pollinators	  [8,9].	  According	  to	  Schatz	  [10],	  the	  diverse	  
cyclocephaline	  scarabs	  (>	  500	  spp.)	  are	  pollinators	  of	  over	  900	  plant	  species	  in	  the	  neotropics	  alone.	  
Although	  not	  all	  of	  the	  14	  known	  genera	  exhibit	  flower-­‐visiting	  species,	  Cyclocephala	  (>	  350	  spp.),	  
Erioscelis	  (5	  spp.)	  and	  Ruterolyctes	  (2	  spp.)	  are	  predominantly	  anthophilous	  [11].	  
Angiosperms	  pollinated	  by	  cyclocephaline	  scarabs	  show	  specialized	  floral	  assembly	  and	  physi-­‐
ology,	  generally	  understood	  as	  the	  result	  of	  convergent	  evolution	  [9,12].	  Their	  flowers	  present	  noc-­‐
turnal	  anthesis	  and	  are	  protogynous,	  which	  render	  them	  functionally	  self-­‐incompatible	  due	  to	  a	  rig-­‐
orous	   temporal	   partitioning	  of	   stigma	   receptivity	   (female	  phase)	   and	  pollen	   release	   (male	  phase)	  
[13,14].	  Floral	  structures	  are	  robust	  and	  often	  modified	  into	  floral	  chambers,	  which	  function	  as	  shel-­‐
ter	  and	  mating	  aggregation	   sites	   for	   the	  beetles	   [9,15].	   Food	   rewards	  are	  available	   in	   the	   form	  of	  
abundant	   pollen,	   nutritious	   sterile	   floral	   tissues	   (like	   petals	   and	   staminodes)	   and	   floral	   exudates,	  
which	  entice	  a	  prolonged	  stay	  of	  the	  pollinators	  and	  ensure	  effective	  pollen	  transfer	  [9].	  The	  large	  
flowers	  of	  the	  Annonaceae	  and	  the	  funnel-­‐shaped	  inflorescences	  of	  the	  Araceae	  may	  host	  dozens,	  
sometimes	  hundreds	  of	  night-­‐active	  cyclocephaline	  scarabs	  at	  a	  time,	  attracted	  by	  floral	  scents	  giv-­‐
en	  off	  during	  anthesis	   [8].	  These	  fragrances	  are	  strong	  and	  their	  dispersion	   is	   facilitated	  by	  flower	  
thermogenicity,	  a	  physiological	  process	  during	  which	  carbohydrates	  or	  lipids	  stored	  in	  specific	  floral	  
tissues	  are	  burnt	  to	  raise	  their	  temperatures	  above	  that	  of	  the	  surrounding	  air,	  thus	  enhancing	  vo-­‐
latilization	  [12,16].	  Endogenous	  temperatures	  of	  some	  thermogenic	  flowers	  are	  the	  highest	  ever	  rec-­‐
orded	  in	  plants	  and	  exceed	  45	  °C	  [15,17].	  
The	  large	  Neotropical	  genus	  Philodendron	  (Araceae)	  might	  be	  regarded	  as	  the	  archetype	  of	  cy-­‐
clocephaline	  scarab-­‐pollinated	  angiosperms.	   It	   is	  believed	  that	  most	  of	   its	  more	  than	  700	  spp.	  are	  
exclusively	  pollinated	  by	   this	  particular	  group	  of	   insects,	  a	   relationship	   that	   likely	  played	  a	  crucial	  
role	  in	  the	  radiation	  of	  both	  the	  plants	  and	  the	  insects	  [10,19,20].	  These	  evergreen	  herbs	  are	  found	  
in	  a	  wide	  array	  of	  habitats,	  from	  forests	  and	  wetlands	  to	  rock	  outcrops	  and	  open	  savannas,	  along	  a	  
geographic	  range	  that	  stretches	  from	  the	  West	  Indies	  to	  a	  southernmost	  limit	  at	  the	  Rio	  de	  La	  Plata	  
region	  in	  Uruguay	  [14].	  In	  tropical	  forests,	  they	  often	  represent	  a	  dominant	  element	  of	  the	  vegeta-­‐
tion	  and	   their	   abundant,	   juicy	   infructescences	  probably	   constitute	  an	   important	   food	   resource	   to	  
birds,	  bats	  and	  tree-­‐dwelling	  mammals	  [14,18].	  Currently,	  there	  is	  detailed	  published	  information	  on	  
the	  pollination	  biology	  of	  a	  handful	  of	  Philodendron	  species,	  mainly	  from	  studies	  conducted	  in	  the	  
Cerrado	  and	  Atlantic	  Forest	  of	  southeastern	  Brazil	  [8,15]	  and	  the	  Amazon	  Rainforest	  of	  French	  Gui-­‐
ana	  [19-­‐21].	  From	  the	  diverse	  but	  highly	   impacted	  Atlantic	  Forest	  of	  northeastern	  Brazil,	  however,	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no	  species	  of	  this	  genus	  has	  been	  studied	  so	  far.	  	  
Philodendron	   acutatum	   Schott	   thrives	   as	   a	   ubiquitous	   and	  widespread	   hemiepiphyte,	   found	  
from	   north	   South	   America	   to	   southeastern	   Brazil	   [22].	   Easily	   adaptable	   to	   disturbed	   areas,	   it	   is	  
commonly	  found	  in	  gaps	  and	  along	  the	  edges	  of	  forest	  fragments	  that	  portray	  the	  severely	  disjoint-­‐
ed	  landscape	  of	  the	  Atlantic	  Forest	  of	  northeastern	  Brazil	  [23].	  In	  its	  northernmost	  limits,	  where	  for-­‐
est	  loss	  percentages	  may	  be	  over	  95%	  [24,25],	  vast	  sugarcane	  monoculture	  fields	  are	  predominant	  
and	  few	  forested	  patches	  endure	  in	  locations	  where	  the	  steep	  terrain	  hindered	  agricultural	  use	  and	  
human	  occupation	  [26].	  Here,	  we	  examine	  the	  reproductive	  biology	  of	  Philodendron	  acutatum	  and	  
addressed	  the	  following	  questions:	  (1)	  how	  diverse	  are	  the	  pollinating	  insects?	  (2)	  what	  is	  the	  level	  
of	  reproductive	  success?	  (3)	  what	  is	  the	  composition	  of	  the	  floral	  scent	  and	  how	  original	  is	  it?	  
	  
1.2	  Material	  and	  methods	  
	  
Studied	  species	  
Philodendron	  acutatum	  has	   sagittate	  dark-­‐green	   leaves	  with	   long	  petioles	  and	   funnel-­‐shaped	  
inflorescences,	  composed	  of	  an	  18-­‐19	  cm	  long	  white	  spadix	  and	  an	  18-­‐20	  cm	  spathe,	  which	   is	  ex-­‐
ternally	  green	  and	  internally	  white	  above	  the	  constriction	  and	  red	  and	  with	  vertical	  dark	  red	  stria-­‐
tions	  below.	  The	  spadix	  is	  composed	  of	  staminate	  flowers	  (upper	  12-­‐13	  cm),	  pistillate	  flowers	  (low-­‐
er	  6-­‐7	  cm)	  and	  a	  short	  transition	  zone	  between	  the	  two	  (0.4-­‐0.6	  cm),	  comprised	  of	  sterile	  staminate	  
flowers	  (fig.	  1f)	  [20].	  Vouchers	  of	  P.	  acutatum	  are	  deposited	  at	  the	  Herbário	  UFP	  –	  Geraldo	  Mariz,	  
Universidade	  Federal	  de	  Pernambuco	  (UFPE),	  Recife,	  Brazil.	  
Study	  sites	  
The	  study	  was	  conducted	  in	  two	  localities	  in	  the	  Atlantic	  Forest	  of	  the	  northern	  coastal	  region	  
of	  the	  state	  of	  Pernambuco,	  northeastern	  Brazil.	  The	  first	  locality,	  hereafter	  referred	  to	  as	  Goiana,	  is	  
situated	   in	  the	  municipality	  of	  Goiana	  (7o38’S,	  34o57’W;	  altitude	  ca.	  90	  m)	  and	  consists	  of	  ca.	  100	  
climbing	  individuals	  of	  P.	  acutatum	  growing	  in	  association	  with	  sapodilla	  trees	  (Manilkara	  zapota	  L.,	  
Sapotaceae)	  in	  an	  old	  orchard,	  observed	  from	  January	  through	  April	  2005.	  The	  area	  is	  adjacent	  to	  a	  
native	   forest	   fragment	   of	   about	   20	   ha	   present	   in	   a	   sugarcane	   plantation,	   neighboring	   the	   BR101	  
North	  road.	  The	  second	  locality,	  hereby	  referred	  to	  as	   Igarassu,	   is	  40	  km	  distant	  from	  Goiana	  and	  
consists	   of	   a	   private	  Atlantic	   Forest	   reserve	   on	   the	   grounds	   of	   the	  Usina	   São	   José	   S/A	   sugarcane	  
company	   (USJ)	   in	   the	  municipality	   of	   Igarassu	   (7o49’S;	   35o02ʹ′W;	   altitude	   ca.	   110	  m).	   In	   this	   area,	  
which	  represents	  a	  total	  66	  km2	  of	  highly	  scattered	  forest	  fragments	  situated	  in	  a	  sugarcane	  mono-­‐
culture	  matrix	   [27],	  populations	  of	  P.	  acutatum	  are	  commonly	   found	  along	   forest	  edges	  and	  were	  
thus	  easily	  accessible	  for	  observations	  taken	  between	  January	  and	  August	  2007.	  
The	  region	  presents	  a	  seasonal	  pluviometric	  regime	  with	  distinct	  rainy	  and	  dry	  seasons.	  Over	  
80%	  of	  the	  average	  annual	  precipitation	  (ca.	  1,800	  mm)	  falls	  between	  February	  and	  August,	  where-­‐
as	   in	   the	  drier	  months	   from	  September	   to	   January	  monthly	  precipitation	   is	  commonly	  <	  100	  mm.	  
Mean	  monthly	  temperatures	  vary	  only	  slightly,	  between	  26	  °C	  in	  March	  and	  23	  °C	  in	  August	  [28,29].	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Flowering	  biology	  
We	  have	  addressed	  the	  flowering	  cycle,	  self-­‐pollination	  capacity	  and	  fruit	  set	  of	  P.	  acutatum	  at	  
two	  sites.	  Three	  inflorescences	  from	  each	  site	  were	  observed	  throughout	  their	  entire	  flowering	  cy-­‐
cle	  to	  determine	  the	  sequence	  of	  events	  of	  the	  anthesis,	  as	  well	  as	  the	  behavior	  of	   insect	  visitors.	  
Female	  and	  male	  phases	  were	  defined	  as	   the	  beginning	  of	   stigma	   receptivity	   (determined	  by	   the	  
addition	  of	  H2O2	  [30])	  and	  anther	  dehiscence	  (pollen	  release),	  respectively.	  Daily	  observations	  took	  
place	  from	  March	  9-­‐23rd	  2005	  at	  Goiana	  and	  from	  April	  4-­‐16th	  2007	  at	  Igarassu,	  at	  3	  h	  intervals,	  and	  
at	  10	  min	  intervals	  during	  the	  consecutive	  evenings	  of	  floral	  thermogenic	  activity.	  Spontaneous	  self-­‐
pollination	  was	  tested	  by	  bagging	  a	  total	  60	  inflorescences	  in	  organdy	  bags	  prior	  to	  the	  opening	  of	  
the	  spathe,	  preventing	  access	  to	  all	   insect	  visitors	  (nGoiana	  =	  20;	  nIgarassu	  =	  40).	  We	  marked	  220	  non-­‐
manipulated	   inflorescences	   to	  determine	   fruit	   set	  under	  natural	   conditions	   (nGoiana	   =	  20;	  nIgarassu	   =	  
200).	  Developing	  infructescences	  were	  also	  examined	  for	  physical	  evidence	  of	  insect	  visitation,	  typi-­‐
fied	  as	  chewed	  up	  floral	  tissues	  (nIgarassu	  =	  40)	  in	  order	  to	  assess	  whether	  they	  had	  been	  visited	  by	  in-­‐
sects.	  
Floral	  thermogenesis	  was	  also	  measured	  to	  determine	  the	  floral	  temperature	  patterns	  during	  
anthesis.	  Measurements	  from	  both	  the	  spadix	  and	  ambient	  air	  were	  taken	  at	  regular	  5	  min	  intervals	  
with	   a	   Portable	   Logging	   Thermocouple	   Thermometer	   (accuracy	   0.1	   °C,	   Hanna	   Instruments	   Inc.,	  
USA).	  Data	  were	  recorded	  from	  two	  intact	   inflorescences	  for	  39	  hours	  during	  the	  entire	  flowering	  
cycle	   from	  different	   individuals	   chosen	   randomly	   at	  Goiana.	   For	   each,	   one	   of	   the	   thermometer’s	  
probes	  was	  inserted	  ca.	  3	  mm	  into	  the	  middle	  of	  the	  sterile	  staminate	  zone	  of	  the	  spadix,	  carefully	  
avoiding	   damage	   to	   the	   deeper	   tissues	   of	   the	   axis.	   The	   other	   one	  was	   kept	   about	   50	   cm	  distant	  
from	  the	  inflorescence.	  
Insect	  visitors	  
Flower-­‐visiting	  insects	  were	  collected	  in	  inflorescences	  of	  Philodendron	  acutatum	  and	  their	  vis-­‐
iting	  frequencies	  determined.	  During	  the	  second	  day	  of	  anthesis,	  between	  09h00-­‐17h00,	  a	  total	  of	  
42	   inflorescences	   were	  manually	   opened	   to	   quantify	   and	   identify	   insect	   visitors	   inside	   the	   floral	  
chambers	  (nGoiana	  =	  12;	  nIgarassu	  =	  30).	  	  
Moreover,	   at	   Igarassu,	   the	   diversity	   of	   night-­‐active	   cyclocephaline	   scarabs	   was	   surveyed	   by	  
sampling	  specimens	  attracted	  to	  light	  during	  the	  flowering	  period	  of	  P.	  acutatum.	  Battery-­‐operated	  
blacklight	  sources	  were	  installed	  monthly	  between	  17h30-­‐21h00	  on	  four	  consecutive	  nights	  at	  dif-­‐
ferent	  spots	  (approx.	  8	  km	  radius)	  from	  April	  to	  August,	   in	  areas	  in	  which	  populations	  of	  P.	  acuta-­‐
tum	  were	  found.	  The	  surface	  of	  the	  individuals	  attracted	  to	  blacklight	  was	  screened	  under	  a	  stere-­‐
omicroscope	   for	   adhering	   pollen	   grains,	   mounted	   on	   glass	   lamins	   with	   fuchsine-­‐stained	   glycerin	  
gelatin	   [31,32].	   In	   the	   same	   period,	   insects	   were	   collected	  within	   inflorescences.	   Collected	   speci-­‐
mens	  are	  deposited	  at	  the	  entomological	  collection	  of	  Universidade	  Federal	  de	  Pernambuco	  (UFPE)	  
and	  Coleção	  Entomológica	  Pe.	  Jesus	  Santiago	  Moure	  (DZUP),	  Curitiba,	  Brazil.	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Figure	  1.	  Philodendron	  acutatum:	  (a)	  Partially	  opened	  inflorescence	  on	  the	  morning	  of	  day	  one	  of	  an-­‐
thesis.	   (b)	  Fully	  opened	  inflorescence	  late	   in	  the	  afternoon	  of	  day	  one	  of	  anthesis,	  moments	  prior	  to	  
the	  beginning	  of	  thermogenic	  episode.	  (c)	  Pollen-­‐covered	  Cyclocephala	  celata	  (Scarabaeidae)	  arriving	  
at	  a	  fragrant	  inflorescence.	  (d)	  Cross-­‐section	  of	  the	  spathe	  of	  an	  inflorescence	  on	  day	  two	  of	  anthesis,	  
showing	   beetles	   at	   the	   bottom	   of	   the	   floral	   chambers	   and	   resin	   droplets	   over	   the	   spadix.	   (e)	   Cy-­‐
clocephala	  celata	  exiting	  inflorescence	  on	  the	  evening	  of	  day	  two	  of	  anthesis,	  covered	  with	  resin	  and	  
pollen.	  (f)	  Detail	  of	  the	  spadix	  of	  an	  early	  day	  two	  inflorescence:	  	  1.	  pistillate	  zone,	  	  2.	  staminate	  zone,	  	  
and	  3.	  transition	  zone	  bearing	  sterile	  staminate	  flowers.	  
[Photos	  A.C.D.	  Maia	  and	  H.	  Teichert] 
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Floral	  odor	  
Floral	  scent	  samples	  were	  collected	   in	  situ	  at	   Igarassu	  through	  dynamic	  headspace	  extraction	  
from	  five	  female	  phase	  and	  two	  male	  phase	  inflorescences	  during	  thermogenic	  episodes.	  The	  inflo-­‐
rescences	  were	  enclosed	  within	  PET	  film	  oven	  bags	  (Toppits	  Bratschlauch,	  Melitta	  GmbH,	  Germany)	  
from	  which	  scented	  air	  was	  drawn	  for	  30	  min	  by	  a	  battery-­‐operated	  membrane	  pump	  (ASF	  Thomas,	  
Inc.,	  Germany)	  at	  a	  constant	  flow	  rate	  of	  approx.	  200	  ml.min-­‐1	  through	  sorbent	  traps	  containing	  a	  
1:1	  mix	   of	   Tenax™	   TA	   (80/100	  mesh,	  Macherey-­‐Nagel	   706318)	   and	   Carbopack™	   X	   (20/40	  mesh,	  
Supelco	   1-­‐0435).	   Blanks	   were	   simultaneously	   collected	   from	   empty	   bags.	   The	   traps	   were	   eluted	  
with	  150	  μl	  acetone	  (p.a.	  grade)	  which	  was	  kept	  under	  -­‐24	  °C	  refrigeration	  until	  analysis.	  
The	   trapped	   volatiles	   were	   analyzed	   by	   combined	   gas	   chromatography-­‐mass	   spectrometry	  
(GC-­‐MS)	   on	   a	   Thermo	   Finnigan	   Voyager	   Mass	   Spectrometer™	   coupled	   with	   a	   Thermo	   Trace	   GC	  
2000™	  (Thermo	  Fisher	  Scientific	  Inc.,	  Rockford,	  USA),	  equipped	  with	  a	  CP-­‐Wax	  52CB	  column	  (Vari-­‐
an,	  Inc.;	  30	  m	  x	  0.25	  mm	  i.d.,	  0.25	  μm	  film	  thickness).	  For	  each	  sample,	  0.6	  μl	  of	  the	  elution	  was	  in-­‐
jected	  on	  column.	  GC	  oven	  temperature	  was	  set	  at	  60	  °C	  for	  3	  min,	  then	  increased	  by	  2.5	  °C	  min-­‐1	  to	  
240	  °C,	  and	  then	  held	  steady	  for	  10	  min.	  Helium	  carrier	  gas	  flow	  was	  maintained	  at	  a	  constant	  pres-­‐
sure	  of	  100	  kPa.	  The	  MS	   interface	  was	  200	  °C	  and	  mass	  spectra	  were	   taken	  at	  70eV	   (in	  EI	  mode)	  
with	  a	  scanning	  speed	  of	  0.5	  scan.s-­‐1	  from	  m/z	  20-­‐350.	  Compounds	  were	  identified	  by	  comparison	  
of	  their	  mass	  spectra	  and	  retention	  times	  with	  those	  of	  authentic	  reference	  samples	  available	  from	  
the	  Givaudan	   SA	   reference	   compound	   collection	  with	   the	   Xcalibur	   2.0™	   software	   (Thermo	   Fisher	  
Scientific	  Inc.,	  Rockford,	  USA).	  The	  peak	  areas	  on	  the	  chromatograms	  were	  integrated	  for	  the	  total	  
ion	  current	  signal	  and	  their	  values	  were	  used	  to	  determine	  the	  relative	  amounts	  of	  each	  compound.	  
	  
1.3	  Results	  
	  
Flowering	  biology	  
Philodendron	  acutatum	   individuals	  were	   first	  observed	   to	  be	   flowering	  at	  both	   sites	  by	  early	  
January,	  whereas	  the	  last	  opened	  inflorescences	  were	  seen	  by	  late	  April	  at	  Goiana	  and	  early	  June	  at	  
Igarassu,	  following	  the	  arrival	  of	  yearly	  heavy	  seasonal	  rainfall.	  Each	  flowering	  individual	  bore	  sev-­‐
eral	   inflorescences	  at	  different	  stages	  of	  maturation	  disposed	   in	  a	  spiral	  pattern,	  but	  only	  a	  single	  
mature	  inflorescence	  was	  open	  at	  a	  time.	  
Inflorescences	  are	  born	  erect	  with	  the	  spathe	  fully	  enclosing	  the	  spadix.	  They	  exhibit	  a	  2-­‐day	  
flowering	  cycle	  and	  are	  protogynous,	  undergoing	  a	  female	  and	  male	  phase	  on	  consecutive	  evenings.	  
In	   the	  morning	  of	   the	   first	  day	  of	  anthesis,	   from	  09h30-­‐10h30,	   the	   spathe	   slowly	  opens	   from	  the	  
apex	  down	  to	  expose	  the	  spadix,	  which	  also	  gradually	  protrudes	  outwards	  throughout	  the	  day	  (fig.	  
1a).	  By	  late	  afternoon,	  the	  spathe	  is	  open	  to	  its	  fullest	  and	  the	  spadix	  is	  tilted	  at	  a	  45o	  angle	  (fig.	  1b).	  
At	  dusk,	  around	  17h30,	  the	  stigmas	  at	  the	  base	  of	  the	  spadix	  are	  moist	  and	  receptive.	  The	  inflores-­‐
cences	  begin	   to	  emanate	  an	   intense	   sweet	  odor,	   following	  perceptible	  heating	  of	   the	   spadix	   (fig.	  
1c).	  
Temperatures	  rapidly	  rise	  and	  reach	  their	  peak	  in	  ca.	  1	  h,	  being	  recorded	  at	  a	  maximum	  of	  38.6	  
or	  38.1	  °C;	  11.6	  or	  11.9	  °C	  above	  the	  ambient	  air	  temperature	  (fig.	  2).	  From	  that	  point	  on,	  the	  spa-­‐
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dix	   slowly	   cools	   down	   and	   the	   detectable	   thermogenic	   episode	   is	   over	   in	   ca.	   5	   h.	   During	   the	   re-­‐
mainder	  of	  the	  evening	  and	  following	  day,	  the	  spadix	  begins	  to	  slowly	  retract	  towards	  the	  spathe.	  
Early	  in	  the	  afternoon	  on	  the	  second	  day	  of	  anthesis,	  around	  14h00-­‐15h30,	  the	  inner	  surface	  of	  the	  
spathe	  and	  both	   fertile	  and	   sterile	   staminate	   zones	  of	   the	   spadix	  produced	  droplets	  of	   a	   viscous,	  
sticky	  orange	  resin	  (fig.	  1d).	  Also,	  the	  spathe	  slowly	  encloses	  the	  spadix	  from	  the	  base	  up.	  A	  second	  
thermogenic	  episode,	  more	  discrete	  than	  that	  of	  day	  one,	  takes	  place	  between	  16h15-­‐17h15,	  dur-­‐
ing	  which	  temperatures	  reach	  34.1	  or	  33.5	  °C;	  4.7	  or	  4.1	  °C	  over	  the	  ambient	  air.	  During	  this	  interval	  
there	  is	  no	  perceivable	  odor	  emission	  and	  pollen	  is	  abundantly	  released	  from	  the	  upper	  portion	  of	  
the	  spadix,	  now	  only	  partially	  exposed	  (fig.	  1e).	  One	  to	  three	  hours	  later,	  the	  spathe	  is	  completely	  
closed	  and	  a	  mix	  of	  pollen	  and	  sticky	  resin	  functions	  as	  a	  cement,	  sealing	  the	  edges.	  Reproductive	  
success	  was	  evident	  5-­‐8	  days	  after	  the	  end	  of	  anthesis	  by	  discrete	  enlargement	  of	  the	  ovaries.	  The	  
spathe	  bulges	   to	  accommodate	   the	  developing	  berries	  until	   they	  are	   fully	   ripe	   (45-­‐60	  days	   later),	  
when	  it	  eventually	  withers	  and	  exposes	  the	  sweet	  scented	  infructescence.	  
	  
	  
	  
	  
	  
	  
At	  both	  sites,	  fruit	  set	  was	  high	  for	  non-­‐manipulated	  inflorescences	  accessible	  to	  flower	  visitors,	  av-­‐
eraging	  91.8%	  (%Goiana	  =	  95.0%;	  %Igarassu	  =	  91.5).	   In	  contrast,	  only	  one	  of	  the	   inflorescences	  bagged	  
for	  self-­‐pollination	  developed	   into	   infructescences	   (1.7%).	  Non-­‐pollinated	   inflorescences	  dried	  out	  
within	  2-­‐5	  days	  following	  anthesis.	  
	  
	  
Figure	  2.	  Temperature	  curves	  of	  the	  ambient	  air	  and	  sterile	  staminate	  zone	  of	  the	  spadices	  of	  two	  inflo-­‐
rescences	  during	  the	  biphasic	  flowering	  cycle	  of	  Philodendron	  acutatum	  (Araceae).	  Vertical	  gray	  bands	  
represent	  the	  heating	  intervals	  during	  the	  female	  phase	  (day	  one)	  and	  male	  phase	  (day	  two).	  
 
1.	  Scarab	  beetle	  pollination	  of	  Philodendron	  acutatum	   19	  
Insect	  visitors	  and	  effective	  pollinators	  
At	  both	   sites,	   the	   inflorescences	  of	  P.	  acutatum	  were	   frequently	   visited	  by	   scarab	  beetles	  of	  
the	   species	  Cyclocephala	   celata	   Dechambre,	   1980.	   At	   Igarassu,	   no	   other	   flower	   visitors	   occurred	  
and	  at	  Goiana	  we	  recorded	  stingless	  bees	  of	  an	  unidentified	  species	  of	  Trigona	  (Apidae,	  Meliponini)	  
and	   individuals	  of	  an	  unidentified	   rove	  beetle	   species	   (Staphylinidae).	  The	  bees	  were	  observed	   in	  
two	  inflorescences	  during	  the	  male	  phase,	  gathering	  droplets	  of	  sticky	  resin	  at	  the	  upper	  spadix	  and	  
chewing	  on	  staminate	  flowers.	  We	  did	  not	  see	  them	  venture	  towards	  the	  pistillate	  flowers,	  nor	  did	  
we	  observe	  pollen	   adhered	   to	   their	   bodies.	   The	  minute	   rove	  beetles	   (total	   body	   length	  =	   1.0-­‐1.5	  
mm)	  where	  frequently	  seen	  inside	  the	  floral	  chambers	  of	  manually	  opened	  inflorescences	  (58.3%),	  
sometimes	  numbering	  hundreds	  of	  individuals.	  They	  arrived	  at	  the	  inflorescences	  during	  the	  female	  
phase	  of	  anthesis,	  even	  hours	  before	   thermogenic	  activity	  or	  odor	  emission.	  Upon	   inspection,	  no	  
pollen	  grains	  were	  attached	  to	  their	  body	  surfaces	  and	  they	  most	  never	  left	  the	  inflorescences,	  even	  
after	  total	  enclosure	  of	  the	  spathe	  at	  the	  end	  of	  day	  two.	  Thus,	  neither	  Trigona	  bees	  nor	  rove	  bee-­‐
tles	  were	  effective	  pollinators.	  
All	   inflorescences	  opened	  at	  day	   two	  of	   anthesis	   bore	  C.	   celata	   individuals	   inside	   their	   floral	  
chambers	   (total	  body	   length	  =	  1.5-­‐1.8	   cm).	   The	  mean	  number	  of	  beetles	   found	  per	   inflorescence	  
was	  3.8	  ±	  2.2	  [SD]	  and	  14.6	  ±	  8.0	  [SD]	  at	  Goiana	  and	  Igarassu,	  respectively.	  The	  highest	  number	  of	  
beetles	  recorded	  inside	  a	  single	  inflorescence	  was	  nine	  and	  33	  at	  Goiana	  and	  Igarassu,	  respectively.	  
With	   the	   strong	   odor	   emission	   at	   dusk	   and	   early	   evening	   (from	   17h00-­‐19h30),	   the	   scarabs	  were	  
seen	   flying	  around	  and	  rapidly	  entering	   the	   inflorescences,	  with	   their	  bodies	  covered	  with	  a	  thick	  
coating	   of	   sticky	   resin	   and	   pollen	   (fig.	   1c).	   Once	   inside,	   they	   agglomerated	   at	   the	   bottom	   of	   the	  
warm	  floral	  chambers	  where	  they	  remained	  highly	  active,	  copulating	  and	  feeding	  on	  the	  oil-­‐bearing	  
sterile	   staminate	   flowers	   (fig.	   1f).	  Activity	  was	   less	   intense	  during	   sunlight	  hours	  on	   the	   following	  
day.	  Early	  on	  the	  second	  evening,	  with	  the	  closing	  of	  the	  spathe,	  the	  part-­‐time	  tenants	  were	  reluc-­‐
tantly	  expelled	  through	  the	  narrow	  exit	  left	  by	  the	  closing	  spathe	  –	  in	  this	  process,	  their	  bodies	  be-­‐
came	  encrusted	  with	  a	  resin	  and	  pollen	  mix	  with	  which	  they	   flew	  away	  towards	  receptive	   female	  
phase	  inflorescences	  (fig.	  1e).	  
Blacklight	  collecting	  at	  Igarassu	  revealed	  the	  presence	  of	  four	  different	  species	  of	  night-­‐active	  
cyclocephaline	  scarabs	  during	  the	  last	  half	  of	  the	  flowering	  period	  of	  P.	  acutatum,	  all	  belonging	  to	  
the	   genus	  Cyclocephala:	  C.	   celata;	  C.	   distincta	   Burmeister,	   1847;	  C.	   latericia	   Höhne,	   1923	   and	  C.	  
vestita	  Höhne,	  1923.	  Both	  C.	  distincta	  and	  C.	  vestita	  were	  consistently	  abundant	  every	  month	  (table	  
1),	  whereas	  C.	  celata	  was	  only	  collected	  from	  April	  through	  June,	  and	  in	  significantly	  lower	  quanti-­‐
ties	  than	  the	  other	  two	  species.	  Cyclocephala	  latericia	  specimens	  were	  recovered	  in	  low	  quantities	  
only	  during	  the	  month	  of	  April.	  
Floral	  odor	  
During	  the	  female	  phase	  of	  anthesis,	  inflorescences	  of	  P.	  acutatum	  give	  off	  a	  sweet-­‐fruity	  aro-­‐
ma	  with	   yeasty	   reminiscents;	   so	   intense	   it	   can	   be	   easily	   perceived	   by	   human	   nose	   5-­‐10	  m	   apart	  
from	  the	  source.	  Chemical	  analysis	  of	   the	  total	   fragrance	  blend	  revealed	   it	   to	  be	  comprised	  of	  17	  
volatile	  compounds.	  These	  can	  be	  classified	   into	   four	  out	  of	   the	  seven	  major	  classes	  proposed	  by	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Knudsen	   [33]	   regarding	  structure	  and	  biosynthesis	  of	  scent	  constituents.	  These	   included	  aliphatics	  
(6),	   benzenoids	   and	  phenylpropanoids	   (2),	   terpenoids	   (8)	   and	  nitrogen-­‐containing	   compounds	   (1)	  
(table	  2).	  Two	  compounds	  alone	  accounted	  for	  over	  97%	  of	  the	  scent	  composition	  of	  P.	  acutatum,	  
dihydro-­‐β-­‐ionone	  (an	  irregular	  terpene)	  and	  2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	  (an	  aliphatic	  acyloin).	  
They	   represent	   respectively	  74.41	  ±	  6.63	   [SD]%	  and	  23.11	  ±	  7.15	   [SD]%	  of	   the	   total	  blend.	  More-­‐
over,	  2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	  is	  a	  rare	  natural	  volatile	  molecule,	  so	  far	  unreported	  as	  a	  flo-­‐
ral	  compound.	  
	  
	  
	  
	  
	  
	  
	  
	  
1.4	  Discussion	  
	  
Cyclocephala	  celata	  was	  identified	  as	  the	  only	  effective	  pollinator	  of	  native	  populations	  of	  Phil-­‐
odendron	  acutatum	  in	  the	  northern	  coastal	  region	  of	  the	  state	  of	  Pernambuco,	  northeastern	  Brazil.	  
In	   the	  same	  region,	  Maia	  and	  Schlindwein	   [34]	  have	  before	  reported	  this	  cyclocephaline	  scarab	   in	  
exclusive	  association	  with	  sympatric	  and	  co-­‐flowering	  populations	  of	  another	  aroid,	  Caladium	  bicol-­‐
or	  (Aiton)	  Vent.	  Cyclocephaline	  scarabs	  are	  commonly	  acknowledged	  as	  indiscriminate	  towards	  flo-­‐
ral	  host	  choice	   [10].	  Many	  species	  will	  not	  only	  promptly	  switch	   from	  flowering	   individuals	  of	  one	  
species	  to	  the	  next	  within	  the	  same	  genus,	  as	  is	  known	  for	  Dieffenbachia	  [35]	  and	  Philodendron	  [19-­‐
21,36],	  but	  also	  within	  different	  genera,	  tribes	  or	  even	  families	  [8,10].	  Often,	  the	  observed	  scenario	  
in	  a	  given	  ecosystem	  consists	  of	  an	  assembly	  of	  locally	  available	  cyclocephaline	  scarab	  species	  that	  
Species	  
Blacklight	  collectings	  (no.	  individuals)	  
Other	  known	  plant	  associations	  
Apr	   May	   Jun	   Jul	   Aug	  
Cyclocephala	  celata	   +	   +	   +	   -­‐	   -­‐	   Caladium	  bicolor	  (Araceae);	  	  	  	  	  	  	  	  	  	  	  	  	  
NE	  Brazil	  a	  
Taccarum	  ulei	  (Araceae);	  NE	  Brazil	  b	  
Cyclocephala	  distincta	   ++	   ++	   +++	   ++	   +++	   Attalea	  funifera	  (Arecaceae);	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
NE	  Brazil	  c	  
Cyclocephala	  latericia	   +	   -­‐	   -­‐	   -­‐	   -­‐	   Annona	  crassiflora	  (Annonaceae);	  
Central	  Brazil	  d	  
Cyclocephala	  vestita	   +++	   +++	   +++	   ++	   ++	   Annona	  muricata	  (Annonaceae);	  	  	  	  	  	  	  	  	  
NE	  Brazil	  a,e	  
Montrichardia	  arborescens	  (Arace-­‐
ae);	  French	  Guiana	  f	  
Table	  1.	  Night-­‐active	  cyclocephaline	  scarabs	  (Scarabaeidae,	  Dynastinae)	  collected	  with	  blacklight	  traps	  
 
Note.	  Collectings	  conducted	  from	  April	  to	  August	  of	  2007	  at	  Usina	  São	  José	  S/A,	  municipality	  of	   Igar-­‐
assu,	  northeastern	  Brazil.	  For	  blacklight	  collectings,	  (-­‐)	  absence;	  (+)	  1	  –	  10	  individuals;	  (++)	  10	  –	  30	  indi-­‐
viduals;	  (+++)	  >	  30	  individuals.	  For	  other	  known	  plant	  associations	  refer	  to	  literature	  cited,	  a	  Maia	  and	  
Schlindwein	  [34];	  b	  Maia	  et	  al.	  unpublished;	  c	  Voeks	  [39];	  d	  Cavalcante	  et	  al.	  [62];	  e	  Cavalcante	  [38];	  f	  Gib-­‐
ernau	  et	  al.	  [54].	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function	  as	  pollen	  vectors	  of	  the	  associated	  flora.	  For	  instance,	  inflorescences	  of	  Dieffenbachia	  long-­‐
ispatha	  Eng.	  &	  K.	  Krause	  (Araceae)	  populations	  in	  La	  Selva,	  Costa	  Rica,	  are	  visited	  by	  nine	  different	  
species	  of	  Cyclocephala	   and	  one	   species	  of	  Erioscelis	   [35].	   Two	  of	   these	  beetle	   species,	  C.	  atripes	  
Bates,	  1888	  and	  C.	  conspicua	  Sharp,	  1877,	  are	  also	  the	  main	  pollinators	  of	  sympatric	  Cyclanthus	  bi-­‐
partitus	  Poit.	  ex	  A.	  Rich.	  (Cyclanthaceae)	  [37].	  All	  four	  Annona	  species	  studied	  by	  Gottsberger	  [10]	  in	  
the	  Cerrado	   vegetation	   of	   the	   state	   of	   São	   Paulo,	   southeastern	   Brazil,	   were	   visited	   by	   the	   same	  
three	  species	  of	  Cyclocephala,	  also	  recovered	  inside	  inflorescences	  of	  co-­‐flowering	  geophytic	  aroid	  
Xanthosoma	  striatipes	  (Kunth	  &	  C.D.	  Bouché)	  Madison.	  
	  
	  
	  
Compound	   mw	   Relative	  amounts	  	  ±	  
[SD]	  (%)	  
Aliphatics	   	   	  
Acetic	  acid	  a	   60	   0.03	  
Propionic	  acid	  a	   74	   0.07	  
Isobutyric	  acid	  a	   88	   0.01	  
2-­‐Hydroxyhexan-­‐3-­‐one	  a	   116	   0.04	  
2-­‐Hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	   130	   23.11	  ±	  [7.15]	  
3-­‐Hydroxy-­‐5-­‐methyl-­‐2-­‐hexanone	   130	   0.02	  ±	  [0.01]	  
Benzenoids	  and	  phenylpropanoids	   	   	  
p-­‐Vinylanisole	   134	   0.01	  ±	  [0.01]	  
Methyl	  salicylate	   152	   0.02	  ±	  [0.01]	  
Nitrogen-­‐containing	  compounds	   	   	  
2-­‐Methoxy-­‐3-­‐isopropylpyrazine	  b	   152	   0.34	  ±	  [0.40]	  
Terpenoids	   	   	  
(E)-­‐Ocimene	   136	   0.02	  ±	  [0.01]	  
(E)-­‐4,8-­‐Dimethyl-­‐1,3,7-­‐nonatriene	  b	   150	   0.28	  ±	  [0.13]	  
(Z)-­‐4,8-­‐Dimethyl-­‐1,3,7-­‐nonatriene	  b	   150	   0.19	  ±	  [0.11]	  
Linalool	   154	   0.03	  ±	  [0.03]	  
4-­‐Terpinenol	  b	   154	   0.02	  ±	  [0.01]	  
Dehydrodihydro-­‐β-­‐ionone	   192	   0.01	  ±	  [0.01]	  
Dihydro-­‐β-­‐ionone	   192	   74.41	  ±	  [6.63]	  
β-­‐Ionone	   192	   0.79	  ±	  [1.37]	  
Dihydro-­‐α-­‐ionone	   194	   0.20	  ±	  [0.13]	  
Dihydro-­‐β-­‐ionol	   194	   0.14	  ±	  [0.11]	  
Dihydro-­‐β-­‐ionone	  epoxide	  c	   208	   0.02	  ±	  [0.01]	  
	   	   	  	  
Table	   2.	   Chemical	   composition	   of	   the	   floral	   scent	   of	   Philodendron	  
acutatum	  (Araceae)	  and	  relative	  amounts	  of	  compounds	  
Note.	  mw	   =	   molecular	   weight.	   Odor	   samples	   recovered	   by	   dynamic	  
headspace	  from	  fragrant	  inflorescences	  during	  the	  female	  phase	  of	  an-­‐
thesis	  (n=5).	  For	  relative	  amounts:	  a	  Present	  in	  only	  one	  of	  the	  samples;	  
b	  Present	  in	  only	  four	  of	  the	  analysed	  samples;	  c	  Present	  in	  only	  three	  of	  
the	  analysed	  samples.	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At	  least	  three	  other	  species	  of	  flower-­‐visiting	  Cyclocephala	  (C.	  vestita,	  C.	  distincta	  and	  C.	  lateri-­‐
cia)	  were	  also	  present	  at	   Igarassu	  during	  the	  flowering	  period	  of	  P.	  acutatum,	  two	  of	  them	  recov-­‐
ered	  at	  a	  higher	  frequency	  than	  that	  of	  C.	  celata	  in	  blacklight	  trappings.	  Populations	  of	  C.	  vestita	  are	  
associated	  to	  both	  native	  and	  introduced	  Annona	  spp.	  in	  northeastern	  Brazil	  [38]	  and	  it	  is	  likely	  that	  
C.	  distincta	   is	   an	  effective	  pollinator	  of	   at	   least	  one	   species	  of	  Arecaceae	  at	   Igarassu,	   as	   a	  pollen	  
morphotype	  of	  this	  family	  was	  recurrently	  recovered	  from	  the	  body	  surfaces	  of	  collected	  specimens	  
(ACD	  Maia	  pers	  observ).	  Also,	  Voeks	  [39]	  reports	  this	  species	  as	  a	  frequent	  flower	  visitor	  of	  the	  pias-­‐
sava	   palm	   (Attalea	   funifera	  Mart.	   ex	   Spreng.,	   Arecaceae)	   in	   the	   state	   of	   Bahia.	  Differently	   to	   the	  
more	  generalistic	  plant-­‐pollinator	  interactions	  aforementioned,	  C.	  celata	  was	  found	  in	  tight	  associa-­‐
tion	  with	  P.	  acutatum,	  out	  of	  four	  syntopic	  Cyclocephala	  species.	  This	  suggests	  a	  more	  specialized	  
relationship.	  Gottsberger	   and	  Amaral	   Jr.	   [15]	   considered	   the	  pollinator	   specificity	  observed	   in	  up-­‐
land	  Atlantic	  Forest	  populations	  of	  Philodendron	  bipinnatifidum	  Schott	  ex	  Endl.	  (previously	  referred	  
to	  as	  P.	  selloum	  K.	  Koch;	  [40])	  an	  effective	  strategy	  to	  increase	  its	  reproductive	  success.	  Relying	  on	  a	  
specialized	  pollen	  vector	  can	  significantly	  decrease	  the	  risk	  of	  interspecific	  pollen	  flow	  and	  improve	  
the	   rate	   of	   successful	   visitations,	   as	   the	   visitors	  most	   probably	   carry	   only	   conspecific	   pollen	   [41].	  
Additional	   field	  work	   is	  required	  to	  elucidate	  how	  co-­‐flowering	  sympatric	  populations	  of	  P.	  acuta-­‐
tum	  and	  Caladium	  bicolor	  species	  both	  share	  the	  same	  pollinator	  and	  maintain	  a	  high	  fructification	  
rate	  (>	  90%).	  Nonetheless,	  populations	  of	  the	  latter	  are	  greatly	  outnumbered	  by	  those	  of	  P.	  acuta-­‐
tum	  and	  bloom	  for	  a	  shorter	  and	  slightly	  delayed	  period.	  In	  such	  a	  case,	  it	  seems	  unlikely	  that	  inter-­‐
specific	  pollen	  flow	  would	  affect	  the	  reproductive	  success	  of	  P.	  acutatum.	  
The	  “two	  peaks”	  thermogenic	  pattern	  of	  P.	  acutatum	  seems	  is	  characteristic	  for	  species	  of	  the	  
subgenus	  Philodendron	   [20-­‐21,36].	  The	  heating	  intervals	  on	  two	  successive	  nights	  are	  synchronized	  
with	  the	  floral	  cycle	  and	  are	  associated	  first	  to	  attraction	  of	  pollinating	  beetles	  by	  aiding	  the	  emis-­‐
sion	  of	  scented	  volatiles	  and	  second	  to	  pollen	  release	  upon	  beetle	  departure.	  Floral	  thermogenesis	  
may	  also	  function	  as	  an	  important	  reward	  for	  visiting	  cyclocephaline	  scarabs,	  which	  take	  advantage	  
of	  heated	  floral	  chambers	  to	  reduce	  the	  energetic	  expenditure	  of	  their	  intense	  activity	  inside	  the	  in-­‐
florescences	  [42,43]	  
Floral	  odors	  appear	  to	  be	  an	  important	  element	  of	  pollinator	  selectivity	  [44,45].	  Both	  Gibbs	  [46]	  
and	  Gottsberger	  [8]	  in	  Brazil	  observed	  that	  the	  distinctly	  sweet-­‐scented	  flowers	  of	  Magnolia	  ovata	  
(A.	   St.-­‐Hil.)	   Spreng.	   (Magnoliaceae)	  were	   visited	  by	  a	   single	   species	  of	  Cyclocephala,	   even	   though	  
other	   flower-­‐visiting	   scarabs	  were	   actively	   flying	   in	   the	   same	   area.	   According	   to	  Gottsberger	   and	  
Amaral	  Jr.	  [15],	  the	  cyclocephaline	  scarab	  Erioscelis	  emarginata	  Mannerheim,	  1829	  was	  only	  found	  
in	  association	  with	   inflorescences	  of	  biogeographically	   restricted	  populations	  of	  P.	  bipinnatifidum,	  
and	  such	  species-­‐specific	  relationship	  are	  probably	  explained	  by	  the	  particular	  floral	  fragrance	  given	  
off	  by	  this	  aroid	  during	  anthesis.	  
The	  floral	  odor	  of	  P.	  acutatum	  is	  dominated	  by	  ionones	  (mainly	  dihydro-­‐β-­‐ionone),	  which	  give	  
it	  its	  characteristic	  floral	  notes.	  These	  irregular	  terpenoids	  are	  widespread	  in	  floral	  scents	  and	  com-­‐
monly	  associated	  with	   insect	  attraction	  [33].	  For	   instance,	  β-­‐ionone	  has	  been	  effectively	  used	  as	  a	  
fragrant	  bait	  for	  male	  euglossine	  bees	  in	  several	  Neotropical	  environments	  [47-­‐49].	  The	  other	  major	  
constituent	   in	   the	   odor	   blend	  of	  P.	   acutatum	   is	   the	   rare	   acyloin	   2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone,	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accompanied	  in	  smaller	  amounts	  of	  an	  isomer,	  3-­‐hydroxy-­‐5-­‐methyl-­‐2-­‐hexanone.	  Neither	  compound	  
is	  known	  in	  floral	  scents	  [33].	  Along	  with	  the	  ionones,	  they	  account	  for	  the	  very	  distinctive	  odor	  of	  P.	  
acutatum.	   The	   role	  of	   these	   compounds	   in	   the	  attraction	  of	  C.	   celata	   is	   yet	   to	  be	   clarified.	   Some	  
acyloins,	   nonetheless,	   are	   indeed	  bioactive	   and	  have	  been	   identified	   as	   sex	  pheromones	  of	   long-­‐
horn	  beetles	  (Cerambycidae)	  	  [50,51]	  
Methoxylated	  benzenoids	  have	  been	  associated	  with	  scarab	  beetle	  attraction	  and	  are	  present	  
as	  major	  flower	  constituents	  in	  Victoria	  and	  Nymphaea	  spp.	  (Nymphaeaceae),	  Montrichardia	  arbo-­‐
rescens	  (L.)	  Schott	  and	  Homalomena	  propinqua	  Schott	  (Araceae),	  and	  Phytelephas	  spp.	  (Arecaceae)	  
[52-­‐57].	  According	  to	  Dobson	  [58]	  and	  Knudsen	  et	  al.	   [33],	  many	  compounds	  belonging	  to	  this	  par-­‐
ticular	   chemical	   subclass	   are	   amongst	   the	   most	   widespread	   fragrant	   floral	   constituents	   and	   are	  
acknowledged	  attractants	   of	   insects.	   Schiestl	   and	  Roubik	   [59]	   showed	   that	   five	  benzenoid	  deriva-­‐
tives	  are	  major	  attractants	  of	  male	  euglossine	  bees.	  
We	  have	  found	  very	  low	  relative	  amounts	  of	  benzenoids	  in	  the	  floral	  odor	  of	  P.	  acutatum.	  Me-­‐
thyl	  salicylate	  and	  vinyl	  anisole	  accounted	  for	  less	  than	  0.05%	  of	  the	  total	  blend	  concentration.	  Such	  
is	  also	  the	  case	  for	  the	  floral	  scent	  of	  beetle-­‐pollinated	  Magnolia	  tamaulipana	  Vázq.	  Avila,	  which	  is	  
entirely	  constituted	  of	  terpenoids	  [60].	  Inflorescences	  of	  Cyclanthus	  bipartitus,	  whose	  floral	  scent	  is	  
mainly	  a	  mix	  of	  several	  terpenoids,	  are	  attractive	  to	  cyclocephaline	  scarabs	  and	  derelomine	  weevils	  
(Curculionidae)	  [61].	  Of	  course,	  further	  elucidation	  of	  this	  theme	  can	  only	  be	  attained	  through	  con-­‐
trolled	  odor	  attraction	  assays	  with	  these	  beetles,	  so	  far	  still	  lacking.	  
Our	  field	  observation	  suggests	  that	  the	  pollination	  and	  reproduction	  of	  P.	  acutatum	  is	  not	  lim-­‐
ited	  by	  the	  common	  environmental	  consequences	  of	  habitat	  fragmentation	  in	  northeastern	  Brazil.	  
However,	  Philodendron	   acutatum	   has	   evolved	   locally	   to	   strict	   dependency	   on	   a	   single	   species	   of	  
pollinating	   beetle.	   The	   beetles	   find	   optimal	   mating	   sites	   and	   food	   for	   a	   period	   of	   at	   least	   four	  
months	  in	  the	  abundant	  inflorescences	  of	  the	  aroid,	  whereas	  the	  numerous	  beetles	  ensure	  that	  the	  
reproductive	  strategy	  adopted	  by	  the	  plant	  is	  rewarded.	  As	  P.	  acutatum	  shows	  a	  wide	  distribution	  
in	  South	  America	   [22],	   it	  would	  be	  of	  great	   interest	   to	  verify	   the	   reproductive	  dependence	  of	   the	  
species	  to	  cyclocephaline	  scarabs	  in	  other	  regions,	  e.g.	  southeastern	  Brazil	  and	  the	  Amazon	  basin.	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Abstract	  
	  
In	  the	  Neotropics,	  cyclocephaline	  scarabs	  (Coleoptera,	  Dynastinae)	  are	  the	  main	  pollinators	  of	  sev-­‐
eral	  angiosperm	  plant	  taxa,	  notably	  Araceae.	  Cyclopentanone	  derivatives	  and	  methoxylated	  or	  hy-­‐
droxylated	  benzenoids	  seem	  to	  be	  characteristic	  of	  floral	  odors	  attractive	  to	  those	  insects,	  but	  are	  
otherwise	  infrequent	  in	  plant	  taxa.	  Nonetheless,	  all	  inferences	  on	  olfactory-­‐driven	  chemical	  attrac-­‐
tion	  pollination	   systems	  might	  be	   conjectural,	   as	   no	  more	   than	  0.25%	  of	   the	   extant	   angiosperms	  
have	  been	  studied	  regarding	  floral	  odor	  composition.	  We	  have	  studied	  the	  inflorescence	  odor	  com-­‐
position	   of	   Caladium	   bicolor	   (Araceae),	   a	   seasonally	   dormant	   geophytic	   herb	   pollinated	   by	   cy-­‐
clocephaline	  scarabs.	  Floral	  scent	  analyses	  from	  plants	  growing	  wild	   in	  northeastern	  Brazil	  yielded	  
10	   compounds,	   ranging	   in	  molecular	  weight	   from	  74	   to	   168.	  Main	   constituents	  were	   benzenoids	  
(notably	  1,3,5-­‐trimethoxybenzene),	  which	  summed	  up	  four	  compounds	  that	  comprised	  over	  60%	  of	  
the	  total	  blend.	  Another	  major	  constituent	  was	  the	  sulfur-­‐containing	  4-­‐methyl-­‐5-­‐vinylthiazole,	  un-­‐
expectedly	  reported	  for	  the	  first	  time	  as	  a	  floral	  volatile.	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2.1	  Introduction	  
	  
Numerous	  species	  of	  flowering	  plants	  bestow	  to	  the	  emission	  of	  scented	  floral	  volatiles	  the	  key	  
role	  of	  their	  breeding	  success,	  relying	  on	  chemically	  mediated	  strategies	  for	  attracting	  effective	  pol-­‐
linators	   [1,2]	   It	   is	   generally	   agreed	   that	   the	  broad	   spectra	  of	   known	   flower	   visitors	   is	  matched	  by	  
evenly	  diverse	  assortments	  of	   floral	  volatiles,	  evidencing	  evolutionary	  processes	  of	   selectivity	  and	  
speciation	  of	  both	  animals	  and	  plants	  involved	  [3,4]	  Further	  investigation	  of	  this	  assumption,	  how-­‐
ever,	  depends	  on	  more	  illustrative	  data	  and	  so	  far	  no	  more	  than	  0.25%	  of	  the	  extant	  angiosperms	  
have	  been	  studied	  regarding	  floral	  odor	  composition,	  despite	  a	  considerable	  increase	  on	  published	  
information	  perceived	  over	  the	  past	  decade	  [5,6].	  
The	   aroids	   (Araceae)	   are	   a	   cosmopolite	   monocotyledonous	   family	   that	   encompasses	   over	  
3,000	  species	  and	  about	  110	  genera	  of	  herbs	  and	  vines,	  almost	  exclusively	  pollinated	  by	  insects	  [7].	  
According	  to	  Knudsen	  et	  al.	  [5],	  floral	  odor	  profiles	  are	  known	  for	  only	  55	  of	  their	  species,	  belonging	  
to	  10	  genera.	  Amongst	  those	  species	  whose	  floral	  odors	  have	  been	  more	  thoroughly	   investigated,	  
Amorphophallus,	  Pseudodracontium,	  Sauromatum	  and	  Helicodiceros	  predominantly	  emanate	   foul,	  
decaying	  flesh-­‐like	  odors	  (dimethyl	  oligosulfides)	  and	  are	  thought	  to	  be	  pollinated	  chiefly	  by	  carrion	  
beetles	  (Coleoptera;	  Silphidae)	  and	  blowflies	  (Diptera;	  Calliphoridae,	  Sarcophagidae)	  [8-­‐12].	  The	  flo-­‐
ral	  scent	  of	  the	  European	  species	  Arum	  maculatum	  L.,	  described	  as	  urine-­‐like,	  is	  highly	  attractive	  to	  
Psychoda	  phalaenoides	   (Diptera;	  Psychodidae)	  [13].	  Peltandra	  virginica,	  an	  abundant	  aquatic	  plant	  
found	  in	  eastern	  and	  central	  North	  America,	   is	  pollinated	  by	  the	  chloropid	  fly	  Elachiptera	  formosa	  
(Diptera;	   Chloropidae).	   Its	   inflorescences	   give	   off	   a	   strong	  musty	   odor	   dominated	   by	   the	   original	  
trimethyl-­‐6,8-­‐dioxabicyclo[3.2.1]octane	   and	   an	   analogue	   [14].	   Fragrance-­‐seeking	   male	   euglossine	  
bees	   (Hymenoptera;	  Apidae)	  visit	   inflorescences	  of	   several	   species	  of	   the	   large	  Neotropical	  genus	  
Anthurium	  and	  the	  Pantropical	  Spathyphillum,	  which	  both	  remarkably	  emanate	  mono-­‐	  and	  sesquit-­‐
erpenoids,	  along	  with	  benzenoids	  [15-­‐17].	  
In	  the	  Neotropics,	  cyclocephaline	  scarabs	  (Coleoptera,	  Dynastinae)	  are	  flower	  visitors	  of	  a	  large	  
number	   of	   Magnoliaceae,	   Annonaceae,	   Cyclanthaceae,	   Arecaceae,	   Nymphaeaceae	   and	   Araceae	  
[18,19].	  Amongst	  the	  latter,	  they	  are	  exclusive	  pollinators	  of	  most	  species	  of	  tribes	  Montrichardieae	  
(2	  spp.),	  Philodendreae	  (>	  500	  spp.)	  and	  Caladiae	  (ca.	  150	  spp.),	  as	  well	  as	  some	  Spathicarpeae	  (ca.	  
165	  spp.)	  [20].	  Cyclocephaline	  scarabs	  are	  nightly	  active	  and	  attracted	  to	  flowers	  or	   inflorescences	  
by	  intense	  odors	  given	  off	  during	  episodes	  of	  floral	  thermogenesis,	  a	  synchronized	  increase	  of	  met-­‐
abolical	  activity	  in	  specific	  flower	  tissues	  which	  warm	  up	  and	  thus	  enhance	  volatilization	  of	  scented	  
compounds	  [21,22].	  
Montrichardia	  arborescens,	  a	  robust	  arborescent	  evergreen	  herb	  native	  to	  the	  upper	  Amazon,	  
is	  currently	  the	  only	  cyclocephaline	  scarab-­‐pollinated	  aroid	  investigated	  regarding	  floral	  odor	  com-­‐
position	   [23].	   Its	   inflorescences	   emanate	   an	   intense,	   sweet	   fruit-­‐like	   scent	   that	   resembles	   those	  
other	  angiosperm	  species	  visited	  by	  these	  insects,	  even	  from	  entirely	  distinct	  taxa	  [24-­‐26].	  Cyclopen-­‐
tanone	   derivatives	   and	   methoxylated	   or	   hydroxylated	   benzenoids,	   usually	   uncommon	   in	   floral	  
scents,	  were	  identified	  in	  the	  odor	  of	  M.	  arborescens.	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In	  this	  paper	  we	  present	  the	  inflorescence	  scent	  composition	  of	  Caladium	  bicolor	  (Araceae),	  a	  
geophytic	  herb	  pollinated	  by	  cylocephaline	  scarabs	  [28,26],	  and	  thus	  further	  elucidate	  the	  particular	  
fragrance	   chemistry	   of	   angiosperms	   visited	   by	   those	   insects.	  We	   also	   report	   for	   the	   first	   time	   4-­‐
methyl-­‐5-­‐vinylthiazole	  as	  a	  floral	  volatile.	  	  
	  
2.2	  Experimental	  
	  
Studied	  species	  
Caladium	  bicolor	  (Aiton)	  Vent	  is	  a	  seasonally	  dormant	  geophyte,	  found	  in	  lower	  Central	  Ameri-­‐
ca	  and	  along	   the	  oriental	   coast	  of	  South	  America,	   throughout	  most	  of	  Brazil	   [29].	   It	   is	  particularly	  
abundant	  in	  disturbed	  forest	  areas,	  along	  fragment	  borders	  and	  clearings	  [20,30].	  Plant	  enthusiasts	  
admire	  the	  species	  for	  its	  exuberant	  foliage	  and	  many	  cultivated	  varieties	  are	  known	  from	  around	  
the	  world	   [20,29].	  Wild	   populations	   growing	   along	   the	   coast	   of	   northeastern	  Brazil	   bloom	  once	   a	  
year	  and	  exhibit	  a	  flowering	  period	  of	  no	  longer	  than	  two	  months,	  beginning	  with	  the	  first	  seasonal	  
heavy	  rainfalls	  [26].	  The	  inflorescences	  bear	  a	  predominantly	  white-­‐colored	  spathe	  blade	  (length	  ca.	  
15	  cm)	  and	  a	  faint	  yellow-­‐colored	  spadix,	  slightly	  shorter	  than	  the	  spathe	  and	  comprised	  of	  unisex-­‐
ual	  male	  and	  female	  flowers.	  The	  male	  zone	  occupies	  the	  upper	  ⅔	  of	   the	  spadix	  and	   is	  separated	  
from	  the	  female	  flowers	  by	  a	  short	  transition	  zone,	  consisting	  of	  sterile	  male	  flowers.	  During	  anthe-­‐
sis,	  in	  the	  course	  of	  two	  consecutive	  nights	  that	  punctuate	  the	  female	  and	  male	  phases	  respectively,	  
the	  inflorescences	  become	  thermogenic	  and	  emanate	  an	  intense	  odor,	  which	  is	  highly	  attractive	  to	  
cylocephaline	  scarabs	  (Cyclocephala	  spp.)	  [26,28]. 	  
Headspace	  collection	  
Floral	  odor	   samples	  were	  gathered	   in	   situ	   from	  wild	  growing	   individuals	  at	  a	  private	  Atlantic	  
Forest	  reserve	  on	  the	  grounds	  of	  Usina	  São	  José	  S/A	  sugarcane	  industry	  (USJ),	  municipality	  of	  Igar-­‐
assu,	   state	   of	   Pernambuco,	   northeast	   Brazil	   (7o48’19”-­‐7o49’21”S;	   35o01’46”-­‐35o02’39”W;	   altitude	  
ca.	  110	  m).	  
Sampling	   was	   conducted	   through	   dynamic	   headspace	   extraction	   from	   intact	   inflorescences	  
during	  episodes	  of	  thermogenic	  activity	  during	  the	  female	  (n=2)	  and	  male	  (n=1)	  phases	  of	  anthesis.	  
The	  inflorescences	  were	  enclosed	  within	  PET	  film	  oven	  bags	  (Bratschlauch,	  Melitta	  GmbH,	  Germa-­‐
ny)	   from	  which	   scented	   air	   was	   drawn	   for	   30	  min	   by	   a	   battery-­‐operated	  membrane	   pump	   (ASF	  
Thomas,	  Inc.,	  Germany)	  at	  a	  constant	  flow	  rate	  of	  approximately	  20	  ml.min-­‐1	  through	  sorbent	  traps	  
containing	   a	   1:1	   mix	   of	   Tenax®	   TA	   (80/100	   mesh,	   Macherey-­‐Nagel	   706318)	   and	   Carbopack™	   X	  
(20/40	  mesh,	  Supelco	  1-­‐0435).	  
Blanks	  were	  simultaneously	  collected	  from	  empty	  bags.	  Immediately	  following	  the	  collections,	  
the	   traps	  were	   eluted	  with	   150	  μl	   acetone	   (p.a.	   grade);	   the	   initial	   15	  μl	   of	   the	   elution	   recovered	  
from	  each	  trap	  were	  kept	  under	  -­‐24	  °C	  refrigeration	  until	  analysis.	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GC-­‐MS	  analysis	  
The	  trapped	  volatiles	  were	  analyzed	  on	  a	  Thermo	  Finnigan	  Voyager	  Mass	  Spectrometer™	  com-­‐
bined	  with	  a	  Thermo	  Trace	  GC	  2000™	  (Thermo	  Fisher	  Scientific	  Inc.,	  Rockford,	  USA),	  equipped	  with	  
a	  CP-­‐Wax	  52CB	  column	  (Varian,	  Inc.;	  30	  m	  x	  0.25	  mm	  i.d.,	  0.25	  μm	  film	  thickness).	  For	  each	  sample,	  
0.6	  μl	  of	  the	  elution	  was	  injected	  on	  column.	  Helium	  carrier	  gas	  flow	  was	  maintained	  at	  a	  constant	  
pressure	  of	  100	  kPa.	  GC	  oven	  temperature	  was	  set	  at	  60	  °C	  for	  3	  min	  then	  increased	  by	  2.5	  °C	  min-­‐1	  
to	  240	  °C,	  then	  kept	  for	  10	  min.	  The	  MS	  interface	  was	  200	  °C	  and	  mass	  spectra	  were	  taken	  at	  70eV	  
(in	  EI	  mode)	  with	  a	  scanning	  speed	  of	  0.5	  scan.s-­‐1	  from	  m/z	  20-­‐350.	  Compounds	  were	  identified	  by	  
comparison	  of	   their	  mass	   spectra	   and	   retention	   times	  with	   those	  of	   authentic	   reference	   samples	  
available	   from	   the	   Givaudan	   SA	   reference	   compound	   collection	   with	   the	   Xcalibur	   2.0™	   software	  
(Thermo	  Fisher	  Scientific	  Inc.,	  Rockford,	  USA).	  The	  peak	  areas	  on	  the	  chromatograms	  were	  integrat-­‐
ed	  for	  the	  total	  ion	  current	  signal	  and	  their	  values	  were	  used	  to	  determine	  the	  relative	  amount	  of	  
each	  compound.	  
	  
2.3	  Results	  and	  discussion	  
	  
The	  chemical	  analysis	  of	  the	  inflorescence	  odor	  of	  C.	  bicolor	  yielded	  10	  compounds,	  ranging	  in	  
molecular	  weight	  from	  74	  to	  168	  (table	  1).	  
	  
	  
	  
	  
Compound	   mw	   Relative	  amounts	  (%)	  
day	  1	  (n=2)	   day	  2	  (n=1)	  
Aliphatics	   	   	   	  
Propionic	  acid	   74	   0.5	   0.9	  
Isobutyric	  acid	   88	   0.2	   0.2	  
Pent-­‐3-­‐yl	  acetate	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   130	   0.5	   0.2	  
N/S	  containing	  compounds	   	   	   	  
4-­‐Methyl-­‐5-­‐vinyl-­‐thiazole	  	   125	   19.8	   23.7	  
Benzenoids	  and	  phenylpropanoids	   	   	   	  
1,2-­‐Dimethoxybenzene	  	   138	   0.1	   0.1	  
Methyl	  salicylate	  	   152	   18.1	   8.8	  
Methyl	  2-­‐methoxybenzoate	  	   166	   0.5	   0.3	  
1,3,5-­‐Trimethoxybenzene	  	   168	   43.0	   60.0	  
Miscelaneous	  cylclic	  compounds	   	   	   	  
Jasmone	  	   150	   4.4	   1.6	  
Terpenoids	   	   	   	  
Linalool	  	   154	   7.8	   3.2	  
Sum	   	   98.8	   95.2	  
	   	   	   	  	  
Table	  1.	  Average	   relative	   amounts	   (%)	  of	   floral	   scent	   volatiles	  of	  Caladium	  
bicolor	  (Araceae),	   isolated	  by	  dynamic	  headspace	  extraction	  during	  the	  first	  
(female	  phase)	  and	  second	  (male	  phase)	  thermogenic	  episodes	  of	  anthesis. 
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Although	  some	  floral	  scent	  bouquets,	  like	  those	  of	  orchids,	  may	  easily	  contain	  more	  than	  100	  com-­‐
pounds	  [16,31],	  aroids	  commonly	  exhibit	  less	  complex	  assortments,	  usually	  around	  20	  to	  40	  constit-­‐
uents	   [11,18].	   Such	   observation	   is	   also	   recorded	   within	   cyclocephaline	   scarab-­‐pollinated	   angio-­‐
sperms,	  among	  which	  the	  number	  of	  identified	  compounds	  for	  each	  species	  is	  relatively	  low	  [25,	  32-­‐
36].	  Knudsen	  et	  al.	   [6]	  proposed	  a	  division	  of	  floral	  scent	  constituents	   into	  seven	  major	  compound	  
classes	   (or	   groups)	   based	   on	   their	   molecular	   structure	   and	   biosynthetic	   origin.	   Volatiles	   isolated	  
from	  the	  floral	  scent	  of	  C.	  bicolor	  belong	  to	  five	  of	  those	  classes	  (table	  1),	  out	  of	  which	  benzenoids	  
are	  dominant	  with	  four	  identified	  compounds	  that	  encompassed	  from	  61.7	  -­‐	  69.1%	  of	  the	  total	  odor	  
sample	  concentration	  (fig.	  1).	  
The	   singlemost	   interesting	   trait	   in	   the	   bouquet	   of	   C.	   bicolor	   is	   that	   it	   exhibits	   high	   relative	  
amounts	  of	  4-­‐methyl-­‐5-­‐vinylthiazole,	  previously	  unknown	  as	  a	  floral	  volatile.	  According	  to	  R.	  Kaiser	  
(pers.	   comm.),	   this	  compound	   is	   rare	   in	  nature	  and	   its	  occurrence	  highly	  unexpected.	   It	  has	  been	  
isolated,	  nonetheless,	  as	  a	  minor	  aroma	  and	   flavor	  constituent	   in	   fruits	  of	  soursop	   (Annona	  muri-­‐
cata;	  Annonaceae)	  and	  cupuaçu	  (Theobroma	  grandiflorum;	  Sterculiaceae)	  [37,39].	  	  
Sulfur-­‐containing	  volatiles	  are	  found	  in	  less	  than	  40%	  of	  the	  plant	  orders	  [6].	  They	  are	  typically	  
associated	  with	  the	  fetid,	  pungent	  aroma	  of	  bat-­‐pollinated	  species	  [40-­‐42]	  or	  the	  foul,	  putrid	  smell	  
emanated	  by	  flowers	  or	  inflorescences	  pollinated	  by	  carrion	  insects	  [11,43].	  Unlike	  oligosulfides	  and	  
sulfur	   methyl	   esters	   present	   in	   such	   flower	   scents,	   however,	   thiazole	   fragrances	   often	   resemble	  
those	  of	  nuts,	  green	  leaves	  or	  even	  tropical	  fruits	  and	  are	  thus	  extensively	  utilized	  in	  the	  food	  indus-­‐
try	  [44,45].	  Their	  biosynthetic	  origin	  in	  higher	  plants	  involves	  a	  complex	  reaction	  sequence	  catalyzed	  
by	  eukaryotic	   thiazole	   synthase,	   in	  which	   the	  precursors	   are	  deoxyxylulose-­‐5-­‐phosphate,	   cysteine	  
and	  tyrosine	  [46,47].	  The	  characteristic	  roasted	  nut	  reminiscent	  perceived	  in	  the	  sweet-­‐scented	  in-­‐
florescences	  of	  C.	  bicolor	  is	  unquestionably	  due	  to	  the	  presence	  of	  4-­‐methyl-­‐5-­‐vinylthiazole	  as	  indi-­‐
cated	  by	  GC-­‐olfaction	  (R.	  Kaiser,	  pers.	  comm.).	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Figure	   1.	   Number	   of	   volatile	   compounds	   (left)	   according	   to	   their	   biosynthetic	   origin	   in	   the	   inflores-­‐
cence	  odor	  of	  Caladium	  bicolor	  and	  proportion	  of	  compounds	  (%)	  of	  different	  origins	  in	  the	  total	  blend	  
(right)	  collected	  during	  the	  female	  (top)	  and	  male	  (bottom)	  phases	  of	  anthesis	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Benzothiazole	  and	  benzothiazolone,	  which	  have	  been	   isolated	  solely	  as	  a	  minor	  or	  trace	  con-­‐
stituents	  in	  less	  than	  10	  angiosperm	  species,	  were	  previously	  the	  only	  known	  thiazoles	  ever	  identi-­‐
fied	  in	  flower	  headspace	  analysis	  [6].	  Nevertheless,	  their	  natural	  occurrence	  in	  floral	  bouquets	  is	  still	  
a	  subject	  for	  further	  verification	  and	  might	  be	  the	  result	  of	  contamination	  (R.	  Kaiser,	  pers.	  comm.).	  
Curiously	  enough,	  some	  species	  of	   insects	  make	  use	  of	  thiazole	  derivatives	   in	  their	  chemical	  com-­‐
munication	  [48].	  	  
Methoxylated	   benzenoids	   were	   particularly	   well	   represented	   in	   the	   scent	   of	   C.	   bicolor.	   The	  
dominance	   of	   such	   compounds	   has	   been	   reported	   in	   headspace	   analysis	   of	   Nymphaea	   lotus	   L.	  
(Nymphaeaceae),	   pollinated	   by	   cyclocephaline	   scarabs	   of	   the	   genus	   Ruteloryctes	   [25].	   1,3,5-­‐
trimethoxybenzene,	  the	  largest	  peak	  in	  the	  floral	  scent	  of	  C.	  bicolor	  (60.0	  -­‐	  43.0%	  of	  total	  integrated	  
peak	  area)	  (table	  1),	  was	  also	  documented	  by	  Gibernau	  et	  al.	  [23]	  as	  a	  major	  constituent	  of	  the	  in-­‐
florescence	  odor	  of	  M.	  arborescens.	  This	  benzyl	  alcohol	  derivative	  has	  been	  identified	  in	  floral	  bou-­‐
quets	  of	  several	  species	  of	  orchids	   [31,32],	  but	   is	  otherwise	  uncommon	   in	  angiosperms	   [6].	  Out	  of	  
the	  six	  main	  compounds	  identified	  in	  M.	  arborescens,	  two	  other	  benzenoids	  (methyl	  salicylate	  and	  
methyl	  benzoate)	  and	  a	  cyclopentanone	  (jasmone)	  were	  also	  found	  in	  our	  analyses.	  Both	  methyl	  sa-­‐
licylate	  and	  methyl	  benzoate	  are	  widespread	  fragrant	  floral	  compounds,	  believed	  to	  be	   important	  
attractants	  of	   insects	   [27,49,50].	   Raguso	  et	  al.	   [51]	   recognized	   (Z)-­‐jasmone	  among	   the	  most	  highly	  
potent	  antennal	  stimulants	  tested	  in	  bioassays	  with	  the	  hawkmoth	  Hyles	  lineata	  (Sphingidae,	  Lepi-­‐
doptera),	   confirming	   that	   the	  presence	  of	   this	  volatile	   in	   floral	  bouquets	   should	  be	   taken	   into	  ac-­‐
count	  even	  at	  seemingly	  low	  concentrations.	  
Our	  findings	  reinforce	  the	  untried	  agreement	  that	  methoxylated	  benzenoids	  are	  typical	   floral	  
odor	  constituents	  of	  angiosperms	  pollinated	  by	  cyclocephaline	  scarabs.	  Their	  efficiency	  in	  attracting	  
Cyclocephala	   spp.	   and	   other	   phytophagous	   scarabs	   has	   been	   tested	   by	   Lopez	   et	   al.	   [52]	   with	   a	  
scented	   bait	   composed	   of	   a	   mix	   of	   phenylacetaldehyde,	   2-­‐phenylethanol,	   methyl	   2-­‐methoxy-­‐
benzoate,	  methyl	  salicylate	  and	  limonene.	  The	  isolation	  of	  4-­‐methyl-­‐5-­‐vinylthiazole	  as	  a	  major	  floral	  
volatile	  of	  C.	  bicolor	  should	  also	  be	  thoroughly	  explored,	  as	  this	  unusual	  compound	  might	  well	  be	  
involved	   in	   the	   specificity	   of	   cyclocephaline	   scarab	   attraction.	   Such	   assumptions	   should	   be	  made	  
clearer	  with	  controlled	  odor	  attraction	  assays,	  along	  with	  investigation	  of	  flower	  scents	  of	  a	  wider	  
range	  of	  angiosperms	  sharing	  the	  same	  pollinators.	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Summary	  
	  
In	  the	  Neotropics,	  cyclocephaline	  scarab	  beetles	  (Scarabaeidae,	  Cyclocephalini)	  constitute	  a	  diverse	  
and	   highly	   specialized	   group	   of	   pollinators.	   Night-­‐active,	   they	   are	   lured	   to	   intense	   floral	   volatiles	  
used	  as	  olfactory	  cues,	  but	  the	  nature	  of	  the	  compounds	  mediating	  such	  interactions	  are	  so	  far	  un-­‐
known.	   Here	   we	   investigate	   the	   floral	   scent	   composition	   of	   four	   magnoliids	   (Annona	   spp.,	   An-­‐
nonaceae)	  and	  a	  monocot	  (Caladium	  bicolor,	  Araceae),	  and	  demonstrate	  the	  chemical	  basis	  for	  the	  
attraction	  of	  their	  effective	  pollinators.	  The	  main	  constituent	  in	  the	  fragrant	  bouquet	  of	  all	  studied	  
species	  is	  4-­‐methyl-­‐5-­‐vinylthiazole,	  reported	  here	  for	  the	  first	  time	  in	  flowers.	  Behavioural	  tests	  us-­‐
ing	  fragrant	  baits	  in	  natural	  conditions	  demonstrated	  that	  the	  compound	  is	  very	  attractive	  to	  male	  
and	  female	  Cyclocephala	  spp.	  We	  present	  a	  highly	  specific	  mediator	  of	  specialized	  pollination	  sys-­‐
tems	  involving	  cyclocephaline	  scarabs	  and	  provide	  evidence	  of	  a	  convergently	  evolved	  scent-­‐driven	  
‘private	   communication	   channel’	   implicating	  unrelated	  basal	   lineages	  of	  Neotropical	   angiosperms	  
and	   their	   beetle	   pollinators.	   ‘Private	   communication	   channels’	   can	   be	   understood	   as	   high-­‐end	  
products	  of	  plant–pollinator	  coevolution	  and	  were	  only	  rarely	  isolated	  in	  pollination	  mutualisms.	  
III 
Private	  communication	  channel	  between	  basal	  angiosperms	  
and	  pollinating	  beetles	  
As	  submitted	  to	  Nature	  in	  December,	  2010	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3.1	  Main	  text	  
	  
Cyclocephaline	  scarab	  beetles	  (Scarabaeidae,	  Cyclocephalini)	  are	  implicated	  with	  the	  reproduc-­‐
tive	  success	  of	  an	  estimated	  900	  Neotropical	  plant	  species	  among	  the	  Annonaceae,	  Araceae,	  Are-­‐
caceae,	  Cyclanthaceae,	  Magnoliaceae	  and	  Nymphaeaceae	  [1].	  As	  the	  result	  of	  convergent	  adaptive	  
evolution,	   several	   lineages	  within	   these	   families	   exhibit	   shared	   features	   in	   floral	  morphology	   and	  
physiology,	   configuring	   what	   is	   broadly	   acknowledged	   as	   ‘cyclocephaline	   scarab	   pollination	   syn-­‐
drome’	   [2].	   The	   night-­‐active	   scarabs	   are	   attracted	   to	   flowers	   or	   inflorescences	   by	   intense	   odours	  
given	   off	   during	   episodes	   of	   floral	   thermogenesis	   [3].	  Warm	   shelter	   and	   nutritious	   flower	   tissues	  
await	  the	  pollinators	   inside	  floral	  chambers,	  where	  they	  feed	  and	  mate	  [2].	  Compounds	  mediating	  
these	   interactions	   are	   so	   far	   unknown	   and	   even	   basic	   knowledge	   about	   floral	   scent	   composition	  
within	  cyclocephaline	  scarab	  beetle-­‐pollinated	  taxa	  is	  meagre	  [4,5].	  
We	  investigated	  the	  floral	  bouquets	  of	  four	  species	  of	  Annonaceae	  (magnoliids;	  Annona	  spp.)	  
and	   one	  Araceae	   (monocots;	  Caladium	   bicolor),	   all	   pollinated	   by	   scarab	   beetles	   of	   the	   genus	  Cy-­‐
clocephala	   (table	   1).	  GC-­‐MS	  analyses	   revealed	  all	   together	   a	   total	   of	   26	   compounds,	  divided	   into	  
several	  chemical	  classes	  (see	  ref.	  6	  for	  details).	  The	  bouquets	  of	  the	  Annona	  species	  were	  each	  con-­‐
stituted	  of	  eight	  or	  less	  compounds	  and	  the	  bouquet	  of	  Caladium	  bicolor,	  17	  (table	  2).	  
Fragrances	  of	  the	  four	  species	  of	  Annona	  were	  strongly	  scented	  to	  the	  human	  nose	  and	  almost	  
entirely	  constituted	  of	  a	  single	  compound,	  4-­‐methyl-­‐5-­‐vinylthiazole,	  which	  alone	  accounted	  to	  over	  
97%	  of	  relative	  flower	  scent	  discharge.	  This	  sulphur-­‐	  and	  nitrogen-­‐containing	  heterocyclic,	  reported	  
here	  for	  the	  first	  time	  as	  floral	  volatile,	  was	  also	  identified	  as	  a	  major	  constituent	  (36.25%)	  in	  sam-­‐
ples	  of	  the	  aroid	  C.	  bicolor	  (fig.	  1,	  table	  2).	  
Derived	   from	   the	  metabolism	  of	   amino	  acids,	   sulphur-­‐containing	   floral	   volatiles	   are	   found	   in	  
less	  than	  40%	  of	  the	  extant	  angiosperm	  orders	  [6].	  Among	  them,	  thiazoles	  were	  largely	  unknown	  in	  
flower	   scents,	   except	   recently	   as	   minor	   constituents	   (2-­‐methyl-­‐1,3-­‐thiazole	   and	   2-­‐Methyl-­‐4,5-­‐
dihydro-­‐1,3-­‐thiazole;	  see	  ref.	  7).	  Two	  other	  compounds,	  benzothiazole	  and	  benzothiazolone,	  isolat-­‐
ed	   in	   less	   than	  10	  plant	  species	  as	  minor	  constituents,	  are	  actually	  recognized	  as	  ubiquitous	  envi-­‐
ronmental	  contaminants	  [8]	  and	  their	  natural	  occurrence	  in	  flowers	  is	  subject	  to	  controversy.	  Unlike	  
sulphides	  present	   in	  the	  fetid,	  pungent	  aroma	  of	  bat-­‐	  or	  carrion	   insect-­‐pollinated	  species	   [4],	   thia-­‐
zole	  fragrances	  commonly	  emanate	  notes	  of	  tropical	  fruits,	  nuts	  and	  green	  leaves	  [9].	  All	  the	  sam-­‐
ples	  we	  analysed	  emitted	  a	  characteristic	  roasted	  nut	  reminiscent	  aroma,	  as	  does	  pure	  4-­‐methyl-­‐5-­‐
vinylthiazole.	  
Most	  plant	  volatiles	  are	  originated	  from	  primary	  metabolism,	  arising	  as	  secondary	  metabolites	  
of	  countless	   feasible	  alterations	  of	  pre-­‐existing	  biosynthetic	  pathways	   [10].	  We	  can	  only	  speculate	  
about	  the	  occurrence	  of	  4-­‐methyl-­‐5-­‐vinylthiazole	  in	  flowers.	  However,	  while	  previously	  unknown	  as	  
a	  floral	  scent	  volatile,	  it	  had	  been	  identified	  as	  a	  trace	  constituent	  in	  various	  fruits	  such	  as	  soursop	  
(Annonaceae)	   [11],	  passion	  fruits	   (Passifloraceae)	   [12],	  cupuaçu	  (Malvaceae)	   [13],	  and	  also	   in	  garlic	  
bulbs	  (Alliaceae)	  [14],	  a	  clear	  indication	  that	  it	  can	  be	  synthetized	  by	  several	  plant	  lineages.	  Although	  
yet	  unwarranted,	  it	  is	  very	  plausible	  that	  the	  origin	  of	  4-­‐methyl-­‐5-­‐vinylthiazole	  in	  angiosperms	  is	  re-­‐
lated	  to	  the	  thiazole	  pathway	  of	  the	  multi-­‐enzyme	  biosynthesis	  of	  thiamine	  (vitamin	  B1),	  an	  essen-­‐
3.	  Private	  communication	  channel	  in	  basal	  angiosperms	  
 
38	  
tial	  co-­‐factor	   to	  all	   living	  organisms,	  synthesized	  de	  novo	   in	  all	  major	  groups	  of	  higher	  plants	   [15].	  
Through	  dephosphorylation	   and	  dehydration	   reactions	   yet	   to	  be	   elucidated,	   the	  precursor	  of	   the	  
thiazolic	  moiety	  of	  thiamine,	  4-­‐methyl-­‐5-­‐β-­‐hydroxyethylthiazole	  phosphate,	  may	  be	  converted	  to	  4-­‐
methyl-­‐5-­‐vinylthiazole.	   Alternatively,	   but	   less	   likely,	   this	   compound	   may	   be	   a	   by-­‐product	   of	   the	  
breakdown	  of	  thiamine	  [9].	  
	  
	  
	  
Plant	  species	   Occurrence	   Flowering	  period	   Main	  pollinator	  
	   	   	   	  
Annona	  coriacea	   Botucatu	   Oct	  –	  Dec	   Cyclocephala	  atricapilla	  
A.	  crassiflora	   Botucatu	   Oct	  –	  Nov	   C.	  atricapilla	  
A.	  dioica	   Botucatu	   Nov	  –	  Dec	   C.	  atricapilla	  
A.	  montana	   Igarassu	   Jan	  –	  Apr	   C.	  vestita	  
Caladium	  bicolor	   Igarassu	   Mar	  –	  Jun	   C.	  celata	  
Biotest	  compound	   Trap	  settings	   Trap	  collections	   Attracted	  scarab	  beetle	  species	  a	  
	   	   	   	  
Pure	  synthetic	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4-­‐methyl-­‐5-­‐vinylthiazole	  
Botucatu	  
	  
Igarassu	  
Nov	  2009	  
	  
Jan	  –	  Apr	  2010	  	  
C.	  atricapilla	  (26)	  
	  
C.	  celata	  (10)	  
C.	  vestita	  (49)	  
	  
	  
	  
Based	  on	  the	  unexpected	  chemical	  congruence	  we	  found	  among	  the	  studied	  Annona	  spp.	  and	  
Caladium	  bicolor,	  we	   tested	   the	  biological	  activity	  of	   the	  novel	   flower	   scent	  compound	   in	  natural	  
conditions	  with	  its	  synthetic	  standard	  (≥	  97%	  purity,	  Sigma-­‐Aldrich)	  during	  the	  plant	  flowering	  peri-­‐
ods	  in	  two	  different	  locations	  (table	  1).	  The	  two	  sites	  are	  located	  ca.	  2,000	  km	  apart,	  one	  in	  the	  mu-­‐
nicipality	  of	  Botucatu,	  Central	  Brazil	  (22°52’0”	  S,	  48°26’0”	  W;	  altitude	  ca.	  850	  m),	  the	  second	  in	  the	  
municipality	  of	  Igarassu,	  northeastern	  coast	  of	  Brazil	  (7°49’0”	  S,	  35°02’0”	  W;	  altitude	  ca.	  110	  m).	  At	  
Botucatu,	  undiluted	  4-­‐methyl-­‐5-­‐vinylthiazole	  (80	  μl)	  was	  applied	  to	  pieces	  of	  white	  filter	  paper,	  cut	  
to	  the	  approximate	  size	  of	   the	  perianth	  of	  Annona	   flowers.	  The	  decoys	  were	   fixed	  to	  branches	  of	  
Annona	  trees	  or	  laid	  on	  the	  ground,	  in	  an	  effort	  to	  match	  the	  strongly	  scented	  flowers.	  On	  four	  dif-­‐
ferent	  occasions,	  we	   installed	  sets	  of	  2-­‐3	  fragrant	  baits	  and	  collected	  the	   insects	  that	  settled	  over	  
them	  between	  17h30-­‐21h00,	  when	  cyclocephaline	  scarab	  beetles	  are	  most	  active.	  Blank	  pieces	  of	  
filter	  paper	  were	  used	  as	  paired	  controls.	  At	  Igarassu,	  we	  cut	  out	  pieces	  of	  dental	  cotton	  roll	  (2	  cm	  
sections)	  and	  pushed	   them	   into	  4	  mL	  clear	  glass	  vials	   (15	  ×	  45	  mm,	  Supelco,	  Bellefonte,	  USA),	   so	  
that	  the	  tip	  of	  the	  cotton	  rolls	  leveled	  with	  the	  rim	  opening	  of	  the	  vials.	  Each	  dispenser	  was	  impreg-­‐
nated	   with	   100	   μl	   undiluted	   4-­‐methyl-­‐5-­‐vinylthiazole	   and	   applied	   to	   self-­‐built	   ‘Japanese	   beetle	  
traps’	   (based	  on	  model	  by	  Tanglefoot	   Inc.,	  USA),	  which	  were	  hung	  chest-­‐high	   from	  tree	  branches	  
along	   borders	   of	   rainforest	   patches.	   The	   traps	   (91	   in	   total)	  were	   installed	   between	   17h30-­‐18h30	  
Table	   1.	   Studied	   plant	   species	   related	   to	   biogeographical	   location,	   flowering	   season	   and	  
main	  local	  pollinators.	  At	  the	  bottom	  row,	  biotests	  with	  4-­‐methyl-­‐5-­‐vinylthiazole.	  
	  
Note.	  a	  In	  parenthesis,	  number	  of	  specimens	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and	  recovered	  3-­‐4	  h	  later.	  Traps	  with	  unloaded	  dispensers	  were	  used	  as	  paired	  controls.	  
The	   fragrant	   baits	   and	   traps	   installed	   at	   both	   study	   sites	   lured	   exclusively	  male	   and	   female	  
scarab	  beetles	  belonging	  to	  three	  species	  of	  the	  genus	  Cyclocephala	  (table	  1).	  The	  beetles	  were	  at-­‐
tracted	  to	   the	  scent	  sources	  as	  soon	  as	  5-­‐10	  min	  after	   their	  setting.	  At	  Botucatu,	  we	  recorded	  26	  
settling	  individuals	  of	  C.	  atricapilla.	  At	  Igarassu,	  a	  total	  of	  59	  beetles	  were	  retrieved	  from	  the	  traps:	  
10	  C.	  celata	  and	  49	  C.	  vestita.	  We	  did	  not	  recover	  insects	  from	  paired	  negative	  controls	  at	  neither	  
study	   site.	   Cyclocephala	   atricapilla	   and	   C.	   vestita	   are	   pollinators	   of	   the	   sampled	   Annona	   spp.,	  
whereas	  C.	  celata	  visits	   inflorescences	  of	  Caladium	  bicolor	   [16,17]	   (table	  1).	  Attractivity	  was	  selec-­‐
tive	  as	  only	  these	  three	  species	  were	  recovered	  out	  of	  a	  wider	  array	  of	  known	  congeneric	  syntopics	  
(7	  spp.	  at	  each	  site,	  pers.	  obs.).	  
Our	  observations	  demonstrate	  that	  the	  attraction	  of	   the	  sampled	  species	  of	  Cyclocephala	   to-­‐
wards	  their	  flower	  hosts	  is	  highly	  specific	  and	  linked	  to	  the	  presence	  of	  a	  single	  compound,	  config-­‐
uring	  a	  scent-­‐driven	  ‘private	  communication	  channel’	  [18].	  Of	  further	  interest,	  we	  have	  gathered	  ev-­‐
idence	  of	  a	  biochemical	  convergence	  between	  unrelated	  lineages	  of	  angiosperms	  towards	  a	  specific	  
set	  of	  pollinators,	  either	  linked	  to	  selective	  expression	  of	  a	  plesiomorphic	  biosynthetic	  pathway	  or	  
to	  parallel	  evolution.	  
A	   very	   similar	   scenario	   was	   depicted	   within	   pollination	   systems	   involving	   fragrance	   seeking	  
male	  euglossine	  bees	  (Apidae,	  Euglossini)	   [19].	  The	  monoterpene	  trans-­‐carvone	  oxide,	  common	  to	  
floral	  scents	  of	  several	  species	  of	  orchids	  [20]	  and	  unrelated	  Euphorbiaceae	  of	  the	  genus	  Dalecham-­‐
pia	  [21],	  Unonopsis	  stipitata	  (Annonaceae)	  [22],	  Gloxinia	  perennis	  (Gesneriaceae)	  [23]	  and	  Anthurium	  
spp.	   (Araceae)	   [24]	   induced	  attractive	   response	  of	  pollinator	  bees	  of	   the	  genera	  Eulaema	   and	  Eu-­‐
glossa.	  The	  occurrence	  of	  trans-­‐carvone	  oxide	  in	  angiosperms	  is	  otherwise	  extremely	  rare	   [6],	  and	  
to	   present	   this	   compound	   has	   been	   solely	   isolated	   in	   plant	   taxa	   pollinated	   by	   fragrance	   seeking	  
male	  euglossine	  bees.	  Such	   level	  of	  chemosensory	  pollinator	  selectivity	   is	  also	  exemplified	  among	  
the	  diverse,	  pantropical	  Annona.	  While	  4-­‐methyl-­‐5-­‐vinylthiazole	  is	  a	  dominant	  element	  in	  the	  scent	  
of	   species	  pollinated	  by	   cyclocephaline	   scarabs,	   it	   is	   entirely	  absent	   from	   the	  bouquet	  of	  Annona	  
glabra.	   Pollinated	  by	   small	   beetles	   (Chrysomelidae),	   its	   flowers	   give	   off	   a	   sharp,	   acetone-­‐like	   fra-­‐
grance	  rich	  in	  1,8-­‐cineole,	  3-­‐pentanyl	  acetate	  and	  3-­‐pentanol	  [25].	  	  
Both	   trans-­‐carvone	  oxide	   and	  4-­‐methyl-­‐5-­‐vinylthiazole	   function	  as	  main	   attractive	   signals	   for	  
selective	   subsets	   of	   insect	   visitors,	   and	   systems	   involving	   these	   two	   groups	   of	   pollinators	   show	  
analogous	   luring	   strategies.	   Floral	   scent	   trails	   for	   cyclocephaline	   scarab	  beetles,	  male	   and	   female	  
alike,	   indicate	  specific	  micro-­‐niches	  where	  they	  consistently	  find	  shelter,	  reliable	  food	  sources	  and	  
most	   importantly,	   optimal	   mating	   opportunities	   [2].	   For	   male	   euglossine	   bees,	   fragrances	   them-­‐
selves	  are	  coveted	  rewards	  most	  likely	  used	  as	  sex	  pheromones	  or	  pheromone	  precursors	  [19].	  	  	  
Floral	  scents	  mediating	  scarab	  pollination	  syndromes	  are	  incredibly	  assorted	  and	  include	  vari-­‐
ous	  oxygenated	  terpenoids,	  esterified	  fatty	  acid	  derivatives	  and	  uncommon	  methoxylated	  and	  hy-­‐
droxylated	  benzenoids	   [4],	   long	  assumed	  as	  the	  most	   likely	  protagonists	   in	  the	  attraction	  of	  these	  
beetle	   pollinators	   [26].	   However,	   the	   absence	   of	   this	   group	   of	   compounds	   and	   of	   4-­‐methyl-­‐5-­‐
vinylthiazole	   in	   floral	   scents	   of	   several	   taxa	   exclusively	   pollinated	   by	   cyclocephaline	   scarabs	   [5,6]	  
easily	  broadens	  the	  spectra	  of	  potential	  behaviourally	  active	  volatiles.	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Compound	   mw	   A.	  cor.	   A.	  cra.	   A.	  dio.	   A.	  mon.	   C.	  bic.	  
Total	  number	  of	  compounds	   	   6	   4	   8	   3	   17	  
Number	  of	  analysed	  samples	   	   2	   6	   3	   4	   4	  
Average	  total	  amount	  of	  scent	  trapped	  
per	  flower	  or	  inflorescence	  (µg/hr)a	   	   95	   45	   9	   90
b	   2,178	  
Aliphatics	   	   	   	   	   	   	  
3-­‐Pentanyl	  acetate	   130	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.81	  
Benzenoids	  and	  phenylpropanoids	   	   	   	   	   	   	  
p-­‐Methoxystyrene	   134	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.71	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
Anisaldehyde	   136	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.07	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
Veratrole	   138	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.30	  
Methyl	  salicylate	   152	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   15.56	  
Eugenol	   164	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.22	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
Methyl	  2-­‐methoxybenzoate	   166	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.43	  
1,2,4-­‐Trimethoxybenzene	   168	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.01	  
1,3,5-­‐Trimethoxybenzene	   168	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   31.49	  
1,2,3,5-­‐Tetramethoxybenzene	   198	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.01	  
N/S	  containing	  compounds	   	   	   	   	   	   	  
Indole	   117	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.05	   -­‐-­‐-­‐	   0.01	  
4-­‐Methyl-­‐5-­‐vinylthiazole	   125	   97.49	   97.95	   98.36	   99.63	   36.25	  
4-­‐Methyl-­‐5-­‐formylthiazole	   127	   0.22	   1.58	   0.24	   0.05	   0.03	  
Terpenoids	   	   	   	   	   	   	  
α-­‐Pinene	   136	   -­‐-­‐-­‐	   0.43	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
β-­‐Pinene	   136	   -­‐-­‐-­‐	   0.04	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
β-­‐Myrcene	   136	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.01	  
(E)-­‐β-­‐Ocimene	   136	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.31	   0.01	  
Linalool	   154	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   8.73	  
Dihydro-­‐β-­‐Ionone	   194	   2.26	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.07	  
β-­‐Caryophyllene	   204	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.32	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
α-­‐Humulene	   204	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.02	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
Unid.	  m/z:	  119,91,121,43,105,134	   	   0.01	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
Unid.	  m/z:	  121,107,91,93,136,192	   	   0.01	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
Miscellaneous	  cyclic	  compounds	   	   	   	   	   	   	  
(E)-­‐Jasmone	   150	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.05	  
(Z)-­‐Jasmone	   150	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   6.22	  
Methyl	  jasmonate	   210	   0.01	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.02	  
Aliphatics	   	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.81	  
Benzenoids	  and	  phenylpropanoids	   	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   1.00	   -­‐-­‐-­‐	   47.79	  
Nitr.	  and/or	  sulf.	  containing	  compounds	   	   97.71	   99.53	   98.65	   99.68	   36.29	  
Terpenoids	   	   2.28	   0.47	   0.34	   0.31	   8.82	  
Miscellaneous	  cyclic	  compounds	   	   0.01	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   6.29	  
	   	   	   	   	   	   	  	  
	  
Table	  2.	  Floral	  scent	  composition	  of	  four	  species	  of	  Annona	  (Annonaceae)	  and	  Caladium	  bicolor	  
(Araceae).	  
a	  Scent	  amount	  trapped	  cannot	  be	  compared	  among	  species	  as	  different	  methods	  were	  used	  
for	  scent	  collections	  (e.g.	  bagged	  vs.	  unbagged,	  see	  METHODS	  SUMMARY)	  
b	  Total	  amount	  was	  determined	  for	  three	  of	  the	  four	  samples	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It	  may	  be	  that	  other	  angiosperm	  taxa	  have	  similarly	  adopted	  ‘private	  communication	  channels’	  
involving	   peculiar	   bioactive	   compounds	   (e.g.,	   (E)-­‐cyclanthone	   in	   Cyclanthus	   bipartitus	   [27];	   2-­‐
hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	  in	  Philodendron	  acutatum	  [5]),	  strategically	  assuring	  efficient	  specific	  
attraction	  of	   cyclocephaline	   scarabs.	   The	  evident	  diversity	  of	   these	  beetles	   actually	   suggests	  high	  
levels	  of	  host	  specialization,	  which	  for	  scent-­‐mediated	  pollination	  mutualisms	  should	  be	  invariably	  
linked	  to	  fragrance	  diversification.	  Cyclocephala	  is	  the	  most	  speciose	  genus	  among	  all	  scarabs	  with	  
ca.	  450	  spp.	  [28]	  and	  it	  would	  not	  be	  surprising	  if	  their	  close	  relationship	  with	  flower	  hosts	  has	  lead	  
to	  the	  speciation	  of	  both	  mutualists	  alike,	  a	  coevolutionary	  outcome	  also	  suggested	   in	  pollination	  
systems	  involving	  male	  euglossine	  bees	  and	  orchids	  [29].	  	  
	  
Figure	  1.	  Chromatograms	  (total	   ion	  counts).	  Dynamic	  headspace	  samples	  from	  flowers	  of	  four	  Annona	  
species	  and	  from	  an	  inflorescence	  of	  Caladium	  bicolor.	  The	  peak	  of	  4-­‐methyl-­‐5-­‐vinylthiazole	  is	  highlight-­‐
ed.	  Other	  prominent	  compounds	  are:	  a)	   linalool,	  b)	  methyl	  salicylate,	  and	  c)	  1,3,5-­‐trimethoxybenzene.	  
Upper	   chromatograms,	   in	   grey,	   correspond	   to	   species	   pollinated	   by	   the	   cyclocephaline	   scarab	   beetle	  
Cyclocephala	  atricapilla.	  In	  blue,	  species	  pollinated	  by	  C.	  vestita	  and	  in	  pink,	  by	  C.	  celata.	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3.2	  Methods	  summary	  
	  
Volatile	  collection	  and	  chemical	  analyses	  
Floral	   scent	   samples	   were	   collected	   in	   situ	   using	   standard	   dynamic	   headspace	   extraction	  
methods,	  during	  the	  flowering	  period	  of	  the	  selected	  species	  in	  2008	  and	  2009	  (table	  1).	  Flowers	  or	  
inflorescences	  were	  individually	  enclosed	  in	  polyacetate	  bags.	  Scented	  air	  was	  drawn	  from	  the	  bags	  
at	  a	  constant	  flow	  rate	  of	  ca.	  200	  ml.min-­‐1	  for	  30-­‐120	  min	  through	  glass	  cartridges	  filled	  with	  25	  mg	  
adsorbent	  polymer,	  a	  1:1	  weight	  mix	  of	  Tenax	  and	  Carbotrap.	  After	  collection,	  the	  cartridges	  were	  
eluted	   with	   9:	   1	   hexane:	   acetone	   solvent	   and	   analysed	   by	   combined	   gas	   chromatography-­‐mass	  
spectrometry	   (GC-­‐MS)	   (see	   ref.	   30	   for	   details).	   To	   determine	   the	   total	   amount	   of	   scent	   in	   these	  
samples,	  we	  added	  an	   internal	   standard	   (10	  µg	  of	  3-­‐chloro-­‐4-­‐methoxy	   toluene)	  prior	   to	   injection.	  
Smaller	  cartridges	  filled	  with	  3	  mg	  of	  the	  adsorbent	  mix	  were	  used	  for	  sampling	  unbagged	  flowers	  
of	   Annona	   coriacea	   and	   A.	   crassiflora	   (200	   ml.min-­‐1	   flow,	   2	   min	   duration).	   These	   samples	   were	  
thermally	  desorbed	  and	  analysed	  by	  GC-­‐MS	  (method	  described	  in	  details	  in	  ref.	  31).	  We	  estimated	  
total	   scent	   emission	   (absolute	   amount)	   of	   samples	   analysed	   by	   thermal	   desorption	   by	   injecting	  
known	  amounts	  of	  monoterpenoids,	  benzenoids,	  and	  fatty	  acid	  derivatives.	  The	  mean	  response	  of	  
these	  compounds	  (mean	  peak	  area)	  was	  used	  to	  determine	  the	  total	  amount	  of	  scent	  available	   in	  
the	  samples	  [31].	  Simultaneous	  collections	  of	  the	  surrounding	  air	  were	  performed	  for	  both	  sampling	  
techniques	  to	  distinguish	  between	  floral/inflorescence	  compounds	  and	  ambient	  contaminants.	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Abstract	  
	  
Taccarum	  ulei	  (Spathicarpeae,	  Araceae)	  is	  a	  seasonal	  geophyte	  native	  to	  northeastern	  Brazil.	  In	  this	  
study	  we	  document	  its	  flowering	  cycle,	  pattern	  of	  floral	  thermogenesis,	  pollination	  biology,	  and	  in-­‐
vestigate	  selected	  floral	  traits	  as	  predictors	  of	  its	  pollination	  syndrome.	  The	  flowering	  period	  of	  the	  
studied	  population	  of	  T.	  ulei	   lasted	  about	   two	  months	   in	   the	   rainy	   season,	  during	  which	   inflores-­‐
cences	  were	   visited	  by	   two	   species	   of	   cyclocephaline	   scarabs	   (Cyclocephalini,	  Dynastinae),	   recog-­‐
nized	  as	  effective	  pollinators:	  Cyclocephala	  celata	  and	  C.	  latericia.	  Fly	  larvae	  of	  an	  unidentified	  spe-­‐
cies	   of	  Melanoloma	   (Richardiidae,	  Diptera)	  were	   frequently	   observed	   in	   inflorescences	   at	   various	  
maturation	  stages.	  They	  fed	  on	  the	  connectives	  of	  male	  florets,	  but	  did	  not	  threaten	  the	  reproduc-­‐
tive	  success	  of	  T.	  ulei,	  although	  occasional	  over	  infested	  inflorescences	  were	  functionally	  damaged.	  
Beetles	  were	  attracted	  to	  odoriferous	  inflorescences	  in	  the	  early	  evening	  of	  the	  first	  day	  of	  anthesis,	  
during	  the	  female	  phase.	  The	  emission	  of	  volatiles	  was	  coupled	  to	   intense	  thermogenic	  activity	   in	  
the	  entire	  spadix,	  unlike	  other	  Araceae	  in	  which	  only	  certain	  zones	  of	  the	  spadix	  heat	  up.	  Pollen	  re-­‐
lease	  in	  the	  subsequent	  day	  was	  not	  related	  to	  thermogenesis,	  as	  the	  inflorescence	  of	  T.	  ulei	  did	  not	  
exhibit	  a	  second	  heating	  interval	  during	  the	  male	  phase.	  The	  multivariate	  analysis	  of	  the	  floral	  traits	  
of	  T.	  ulei	   in	   comparison	  with	  other	  Araceae	   indicates	   that	   this	   species	   is	   characteristically	  beetle-­‐
pollinated.	   The	   floral	   color	   display	  of	  T.	   ulei	   inflorescences,	   atypical	   for	   a	   night-­‐blooming	   species,	  
along	  with	  the	  close	  relationship	  with	  a	  unique	  fly	  species,	  may	  hold	  evidence	  on	  the	  history	  of	  pol-­‐
linator	  selection	  within	  the	  tribe	  Spathicarpeae.	  	  
	  
	  
Keywords:	  Cyclocephala,	  floral	  volatiles,	  pollination	  specificity,	  reproductive	  success,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
thermogenesis,	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4.1	  Introduction	  
	  
The	   aroids	   (Araceae)	   are	   a	   rich	   group	   of	   cosmopolite	  monocots	   that	   presently	   encompasses	  
over	  3,300	  species	  of	  herbs	  and	  vines,	  mostly	  found	   in	  tropical	  and	  sub-­‐tropical	  environments	  [1].	  
Preponderantly	   entomophilous,	   aroid	   inflorescences	   have	   co-­‐evolved	   in	   their	   interactions	   with	   a	  
myriad	  of	  arthropod	  visitors,	  both	  generalist	  and	  highly	  specialized;	  from	  flies	  and	  beetles	  to	  bees,	  
thrips,	  and	  perhaps	  even	  mites	  [2,3].	  According	  to	  the	  most	  recent	  overview	  of	  the	  family,	  however,	  
knowledge	  of	  effective	  pollinators	   is	  restricted	  to	   less	  than	  50%	  of	  the	  currently	  described	  genera	  
[4].	  
It	   has	  been	   known	   since	   the	  end	  of	   the	  19th	   century	   that	   innumerous	   aspects	   of	   basic	   floral	  
buildup	   are	   directly	   associated	   to	   the	   reproductive	   biology	   of	   angiosperms	   [5].	   Such	   floral	   traits	  
have	  been	  intensively	  selected	  through	  evolution	  by	  the	  increasing	  effectiveness	  of	  pollen	  transfer	  
to	  the	  stigmas,	  and	  as	  such	  are	  also	  particularly	  entangled	  with	  the	  strategies	  that	  optimize	  the	  use	  
of	  specific	  pollen	  vectors	  [6].	  Among	  aroids,	  Chouteau	  et	  al.	  [7]	  and	  Gibernau	  et	  al.	  [8]	  have	  success-­‐
fully	  presented	  associations	  between	  a	  wide	  set	  of	  floral	  traits	  and	  specific	  pollination	  syndromes,	  
to	   the	  point	   that	  a	   few	  extrapolations	  could	  be	  safely	  assumed	  when	  enough	  of	   these	  characters	  
are	   understood.	   For	   instance,	   large	   pollen	   grains	   sticky	  with	   stigmatic	   exudates,	   typical	   of	   aroids	  
pollinated	  by	  large	  scarab	  beetles,	  are	  unlikely	  to	  be	  carried	  efficiently	  by	  smaller-­‐sized	  insects.	  On	  
the	  other	  hand,	  the	  glabrous	  body	  surface	  of	  beetles	  is	  inadequate	  to	  carry	  loads	  of	  powdery	  pollen	  
found	  in	  some	  fly-­‐pollinated	  taxa	  [9].	  The	  Pollen/Ovule	  ratio	  (P/O)	  of	  bee-­‐	  and	  fly-­‐pollinated	  species	  
is	  rather	  similar,	  suggesting	  that	  bees	  and	  flies	  have	  comparable	  pollination	  efficiency	  [7].	  The	  much	  
higher	  P/O	  of	  beetle-­‐pollinated	  species	   lends	  credence	  to	  the	  hypothesis	  that	  beetles	  may	  be	   less	  
efficient	   pollinators,	   and	   result	   in	   a	   much	   higher	   investment	   in	   pollen	   production	   by	   beetle-­‐
pollinated	  plants	  [8].	  Many	  beetles	  also	  eat	  pollen,	  which	  is	  often	  part	  of	  the	  plant's	  reward	  for	  pol-­‐
lination	  services	  [10].	  
Of	  course,	  adaptations	  towards	  specific	  sets	  of	  pollinators	  also	  result	  in	  deeper	  adaptations	  of	  
flower	  morphology	  and	  physiology	  [5],	  and	  this	  is	  clearly	  evident	  in	  the	  Araceae	  [2,3].	  Mediterrane-­‐
an	  Helicodiceros	  muscivorus	   (L.	   f.)	  Engl.,	  pollinated	  by	  blowflies,	  bears	  foul-­‐smelling	   inflorescences	  
that	   closely	   resemble	   the	   anal	   orifice	   of	   a	   large	  mammalian	   carcass	   [11].	   Kettle-­‐shaped	   inflores-­‐
cences	   of	   European	  Arum	  and	   Indo-­‐Malaysian	  Arisaema	   are	   designed	   to	   entrap	   small	   pollinating	  
flies	  to	  enhance	  their	  contact	  with	  receptive	  female	  flowers	  [12,13],	  whereas	  the	  funnel-­‐shaped	  in-­‐
florescences	   of	   all	   known	   species	   of	   the	   large	   Neotropical	   genus	   Philodendron	   offer	   food	   and	   a	  
warm	  shelter	  for	  mating	  scarab	  beetles	  [14-­‐17].	  
In	  the	  Neotropics,	  the	  diverse	  scarab	  beetles	  of	  the	  tribe	  Cyclocephalini	  (Scarabaeidae,	  Dynas-­‐
tinae;	  ca.	  350	  spp.)	  are	  one	  of	  the	  most	  preponderant	  groups	  of	  scent-­‐driven	  pollinators	  of	  several	  
Magnoliaceae,	   Annonaceae,	   Cyclanthaceae,	   Arecaceae,	   Nymphaeaceae	   and	   Araceae	   [10,18,19].	  
Among	  the	  latter,	  the	  night-­‐active	  cyclocephaline	  scarabs	  are	  specialized	  flower	  visitors	  of	  inflores-­‐
cences	  of	  the	  Montrichardieae	  (2	  spp.),	  Philodendreae	  (over	  500	  spp.),	  Caladiae	  (approx.	  150	  spp.),	  
and	  probably	  some	  Spathicarpeae	  (approx.	  165	  spp.)	  [4].	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Although	   rather	   diverse	   and	   taxonomically	   well	   defined,	   the	   tribe	   Spathicarpeae	   has	   been	  
mostly	  disregarded	  in	  respect	  to	  their	  reproductive	  biology	  and	  phenology	  [2-­‐4].	  The	  tribe	  is	  mostly	  
restricted	   to	   extra-­‐Amazonian	   South	   America,	   being	   traditionally	   composed	   of	   10	   genera,	   all	   of	  
which	  bearing	  10	  or	   less	  species:	  Asterostigma	   (10	  spp.),	  Croatiella	   (1	  sp.),	  Gearum	  (1	  sp.),	  Gorgo-­‐
nidium	  (5	  spp.),	   Incarum	  (1	  spp.),	  Mangonia	   (2	  spp.),	  Spathantheum	  (2	  spp.),	  Spathicarpa	  (4	  spp.),	  
Synandrospadix	  (1	  sp.)	  and	  Taccarum	  (6	  spp.)	  [20].	  Gonçalves	  et	  al.	  [21]	  have	  proposed	  a	  combined	  
genotypic-­‐phenotypic	   phylogeny	   for	   the	   group,	   which	   strongly	   supports	   the	   inclusion	   of	   genera	  
Dieffenbachia	  (ca.	  135	  spp.)	  and	  Bognera	  (1	  sp.).	  Such	  result	  has	  been	  confirmed	  by	  a	  recent	  molec-­‐
ular	  phylogeny	  of	   the	  entire	  Araceae	   family	   [22].	  Only	   four	   species	   from	   two	  genera	  have	   known	  
pollinators,	  which	  are	  cyclocephaline	  scarabs	  -­‐	  Gearum	  brasiliense	  N.E.	  Br.	  [23],	  Dieffenbachia	  long-­‐
ispatha	  Engl.	  &	  K.	  Krause	  [24],	  D.	  nitidipetiolata	  Croat	  &	  Grayum	  (previously	  referred	  to	  as	  D.	  long-­‐
ispatha	  in	  Young	  [25,26];	  according	  to	  Croat	  [27])	  and	  D.	  oerstedii	  Schott	  [28].	  
The	  genus	  Taccarum	  Brongn.	  ex	  Schott	  comprises	  six	  species	  of	  seasonally	  dormant	  geophytes	  
found	   in	  most	   of	   the	   Brazilian	   territory	   (essentially	   extra-­‐Amazonian),	   as	  well	   as	   in	   Peru,	   Bolivia,	  
Paraguay	   and	  northern	  Argentina.	   Plants	   can	   be	   recognized	   by	   the	   usually	   large	   and	   solitary	   leaf	  
that	  is	  strongly	  bipinnately	  divided.	  They	  grow	  preferably	  in	  well-­‐drenched	  soils	  and	  low	  to	  medium	  
altitudes	  (up	  to	  850m),	  usually	  in	  areas	  with	  remarkable	  seasonality.	  Populations	  usually	  consist	  of	  
scattered	  individuals,	  seldom	  bearing	  inflorescences	  [28].	  
We	  studied	   the	   flowering,	  phenology	  and	   the	  pollination	  biology	  of	  Taccarum	  ulei	  Engl.	  &	  K.	  
Krause,	  a	  geophytic	  aroid	  native	  to	  northeastern	  Brazil	  and	  addressed	  the	  following	  questions:	  (1)	  
what	  are	  the	  flower	  visitors	  and	  effective	  pollinators	  of	  indigenous	  populations	  of	  the	  species?	  (2)	  
what	  is	  the	  pattern	  of	  floral	  thermogenesis	  for	  the	  species?	  (3)	  are	  the	  floral	  traits	  of	  T.	  ulei	  adapted	  
to	  the	  observed	  pollination	  syndrome?	  	  
	  
4.2	  Material	  and	  methods	  
	  
Studied	  species	  
Taccarum	  ulei	  is	  a	  seasonally	  dormant	  rhizomatous	  geophyte	  adapted	  to	  a	  wide	  array	  of	  habi-­‐
tats,	  from	  humid	  forests	  to	  dry	  shrublands	  [27].	  Each	  individual	  produces	  a	  single	  erect	  leaf	  that	  may	  
reach	  up	  to	  150	  cm	  high,	  with	  a	  bipinnatifid	  leaf	  blade	  of	  about	  90	  cm	  in	  diameter	  (fig.	  1a).	  The	  fun-­‐
nel-­‐shaped	  inflorescences,	  when	  present,	  are	  also	  solitary	  and	  emerge	  along	  with	  the	  leaf	  or	  a	  few	  
days	  after	  (peduncle	  10-­‐23	  cm	  high).	  The	  spathe	  (13-­‐22	  cm	  long)	  is	  leathery	  and	  brown	  colored	  with	  
light-­‐pink	  specks	  (fig.	  1b,	  1c).	  The	  spadix	  is	  lengthier	  than	  the	  spathe	  (14-­‐23	  cm	  long)	  and	  bears	  uni-­‐
sexual	  male	  and	   female	   flowers,	  which	  occupy	  distinct	  zones	  of	   its	  vertical	  axis.	  The	  male	   flowers	  
are	  synandria,	  found	  at	  the	  upper	  portion	  of	  the	  spadix.	  They	  are	  characterized	  by	  well-­‐developed	  
connectives,	  which	  are	  button-­‐shaped	  and	  pale-­‐pink	  colored,	  surrounded	  by	  six	  to	  ten	  bright-­‐yellow	  
anthers	  (figs.	  1c,	  1d).	  The	  transition	  between	  male	  and	  female	  zones	  is	  abrupt,	  with	  no	  easily	  identi-­‐
fiable	   intermediate	  zone.	  The	   female	  zone	   is	  5-­‐10%	  shorter	   than	   the	  male	  zone	  and	  occupies	   the	  
basal	  portion	  of	  the	  spadix.	  Female	  flowers	  are	  yellow	  and	  always	  surrounded	  by	  four	  or	  five	  milky-­‐
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white	  clubbed	  staminodes	   (fig.	  1b).	  Vouchers	  of	  T.	  ulei	  are	  deposited	  at	  “Herbário	  UFP	  –	  Geraldo	  
Mariz”,	  Universidade	  Federal	  de	  Pernambuco	  (UFPE),	  Recife,	  Brazil.	  
Study	  sites	  
We	  studied	  indigenous	  populations	  of	  T.	  ulei	  in	  May-­‐June	  2005,	  April-­‐May	  2009	  and	  April-­‐June	  
2010	  at	  two	  locations	  in	  the	  Atlantic	  Forest	  of	  the	  northern	  coastal	  region	  of	  the	  state	  of	  Pernam-­‐
buco,	  northeastern	  Brazil.	  A	  total	  of	  ca.	  60	  scattered	  individuals	  were	  found	  growing	  in	  clayey	  soil	  
along	  the	  border	  of	  a	  small	  forest	  patch	  (ca.	  130	  ha)	  on	  the	  grounds	  of	  Usina	  São	  José	  S/A	  sugarcane	  
industry	  (7o48’-­‐7o49’S;	  35o01’-­‐35o02’W;	  altitude	  ca.	  110	  m).	  Flowering	  plants	  were	  also	  found	  grow-­‐
ing	  on	  mildly	  urbanized	  areas	  along	  the	  BR101	  North	  Road	  segment	  connecting	  the	  municipalities	  of	  
Abreu	  e	  Lima	  and	  Igarassu,	  no	  more	  than	  10	  km	  apart	  from	  the	  other	  population.	  
Local	   climate	   is	   perhumid,	   although	  over	   80%	  of	   the	   average	   annual	   precipitation	   (ca.	   1,800	  
mm)	   falls	   between	   February	   and	   August,	   whereas	   in	   the	   drier	   months	   of	   September	   to	   January	  
monthly	  precipitation	  commonly	  rests	  below	  100	  mm.	  Mean	  monthly	  temperatures	  vary	  between	  
26	  °C	  in	  March	  and	  23	  °C	  in	  August	  [29].	  
Floral	  biology	  
Four	  inflorescences	  were	  observed	  throughout	  the	  entire	  flowering	  cycle	  to	  determine	  the	  se-­‐
quence	  of	  events	  of	  the	  anthesis.	  Female	  and	  male	  phases	  were	  defined	  as	  the	  beginning	  of	  stigma	  
receptivity	  (determined	  by	  the	  addition	  of	  H2O2)	  and	  anther	  dehiscence	  (pollen	  release),	  respective-­‐
ly	  [30].	  
Controlled	  pollination	  experiments	  were	  performed	  as	  follows:	  (1)	  spontaneous	  self-­‐pollination	  
-­‐	   immature	   inflorescences	  were	  enclosed	  within	   fine	  organdy	  bags	   throughout	   anthesis;	   (2)	   hand	  
self-­‐pollination	  -­‐	  immature	  inflorescences	  were	  bagged	  until	  day	  two	  of	  anthesis,	  then	  stigmas	  were	  
manually	   brushed	   with	   self	   pollen;	   (3)	   hand	   cross-­‐pollination	   -­‐	   immature	   inflorescences	   were	  
bagged	  until	  day	  one	  of	  anthesis,	  then	  stigmas	  were	  manually	  brushed	  with	  pollen	  from	  other	  inflo-­‐
rescences;	   (4)	   emasculation	   (test	   for	   apomixis)	   -­‐	   immature	   inflorescences	  were	   bagged	   until	   day	  
one	   of	   anthesis,	   then	   their	   upper	   spadices	   (containing	   fertile	  male	   flowers)	   were	   extirpated;	   (5)	  
open	  pollination	  (control	  group)	  -­‐	  unbagged	  inflorescences	  accessible	  to	  flower	  visitors.	  Reproduc-­‐
tive	  success	  was	  determined	  by	  direct	  observation	  of	  fruit	  development,	   interpreted	  as	  the	  visible	  
enlargement	  of	  the	  ovaries.	  
We	  have	  analyzed	  selected	  floral	  traits	  of	  T.	  ulei	  and	  used	  the	  data	  for	  comparison	  with	  those	  
from	  other	   species	  of	  Araceae,	   in	  order	   to	  determine	   feasible	   correspondences	  with	   the	  adopted	  
pollination	  strategy	  (refer	  to	  Chouteau	  et	  al.	  [7]	  and	  Gibernau	  et	  al.	  [8]	  for	  details):	  (1)	  Stigma	  area	  
per	  flower	  (mm2);	  (2)	  pollen	  grains	  volume	  (μm3);	  (3)	  number	  of	  connectives	  per	  inflorescence;	  (4)	  
number	  of	  female	  flowers	  per	  inflorescence;	  (5)	  number	  of	  pollen	  grains	  per	  male	  flower;	  (6)	  num-­‐
ber	  of	  pollen	  grains	  per	  inflorescence;	  (7)	  number	  of	  ovules	  per	  flower;	  (8)	  P/O	  ratio.	  Multiple	  floral	  
trait	  comparisons	  with	  other	  known	  Araceae	  (taken	  from	  Gibernau	  et	  al.	  [8])	  were	  performed	  with	  
the	  method	   of	   non-­‐metric	  multidimensional	   scaling	   (NMDS)	   using	   the	   Gower	   similarity	  measure,	  
which	   allows	   using	   both	   categorical	   and	   continuous	   data	   (software	   PAST	   1.74	   [31]).	   This	   non-­‐
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parametric	  method	  represents	  the	  studied	  species	  in	  a	  two-­‐dimensional	  coordinate	  system	  preserv-­‐
ing	   the	   ranked	  differences	  between	   the	   species.	   The	  more	   two	  points	   are	   separated	   in	   the	   score	  
plot,	  the	  more	  distinct	  the	  floral	  traits	  are.	  The	  stress	  value	  gives	  the	  percentage	  of	  difference	  not	  
optimally	  represented	  by	  the	  analysis.	  In	  order	  to	  visualize	  the	  type	  of	  pollinator,	  each	  species	  has	  
been	  coded	  by	  a	  colored	  symbol	  representing	  the	  different	  types	  of	  pollinator.	  
To	   determine	   floral	   temperature	   patterns	   (thermogenesis)	   during	   anthesis,	   measurements	  
from	  both	  the	  spadix	  and	  ambient	  air	  were	  taken	  at	  regular	  5-­‐min	  intervals	  with	  a	  portable	  logging	  
thermocouple	   thermometer	   (accuracy	  0.1	   °C,	  Hanna	   Instruments).	  Data	  was	   recorded	   from	   inflo-­‐
rescences	  of	  three	  individuals	  carefully	  removed	  from	  the	  field	  a	  few	  days	  before	  anthesis	  and	  kept	  
inside	  a	  greenhouse.	   For	  each,	   thermal	  probes	  were	   inserted	  about	  3	  mm	   into	   the	  middle	  of	   the	  
male	  zone	  of	  the	  spadix	  (Tmz),	  into	  the	  connectives	  of	  male	  flowers	  (Tco)	  and	  into	  the	  middle	  of	  the	  
female	  zone	  of	  the	  spadix	  (Tfz),	  carefully	  avoiding	  damage	  to	  the	  deeper	  tissues	  of	  the	  axis.	  Another	  
probe	  was	  kept	  about	  50	  cm	  distant	  from	  the	  inflorescence	  and	  used	  to	  record	  ambient	  air	  temper-­‐
atures.	  
Pollination	  and	  flower	  predation	  
We	  observed	  the	  behavior	  of	  flower-­‐visiting	  insects	  in	  four	  inflorescences	  of	  T.	  ulei	  throughout	  
the	  entire	  duration	  of	  anthesis.	  Eighteen	  inflorescences	  were	  also	  inspected	  during	  the	  second	  day	  
of	  anthesis	  between	  11h00	  and	  17h00	  for	  the	  characterization	  of	  insects	  inside	  the	  floral	  chambers.	  
Inflorescences	   in	   various	   stages	   of	  maturation,	   as	  well	   as	   developing	   infructescences,	  were	   addi-­‐
tionally	  examined	  for	  damage	  promoted	  by	  the	  feeding	  activity	  of	  flower	  predators.	  
The	  insects	  collected	  for	  identification	  are	  deposited	  at	  the	  entomological	  collection	  of	  Univer-­‐
sidade	   Federal	   de	   Pernambuco	   (UFPE),	   Recife,	   Brazil;	   “Coleção	   Entomológica	   Pe.	   Jesus	   Santiago	  
Moure	  (DZUP)”,	  Curitiba,	  Brazil;	  and	  Universidade	  Estadual	  de	  Campinas,	  Instituto	  de	  Biologia,	  De-­‐
partamento	  de	  Parasitologia,	  Departamento	  de	  Parasitologia,	  Instituto	  de	  Biologia,	  UNICAMP.	  
	  
4.3	  Results	  
	  
Phenology	  and	  floral	  biology	  
The	  first	  flowering	  individuals	  of	  T.	  ulei	  were	  observed	  by	  early	  May	  in	  2005	  and	  early	  April	  in	  
2009	  and	  2010,	  during	  the	  intense	  seasonal	  rainy	  period.	  Last	  opened	  inflorescences	  were	  seen	  by	  
late	  June	  in	  2005	  and	  late	  May	  in	  2009	  and	  2010,	  comprising	  a	  flowering	  period	  of	   little	   less	  than	  
two	  months.	  
From	  the	  moment	  the	   inflorescence	  emerges	  above	  the	  soil	   it	   takes	  13-­‐20	  days	  to	  reach	  ma-­‐
turity.	  The	  spadix	  of	  a	  newly	  emerged	  inflorescence	  is	  totally	  enclosed	  by	  the	  spathe	  and	  it	  is	  only	  
exposed	  3-­‐5	  days	  before	  anthesis.	  Through	  maturation,	  we	  observed	  a	  gradual	  vertical	  growth	  and	  
swelling	  of	   the	  axial	   tissue	  of	   the	   spadix,	  which	  by	  day	  one	  of	  anthesis	  would	  have	   increased	  2-­‐3	  
fold	  in	  length	  and	  girth.	  The	  connectives	  of	  the	  male	  flowers	  undergo	  detectable	  color	  change,	  turn-­‐
ing	  from	  an	  intense	  lilac	  coloration	  to	  a	  faded	  pink	  tone.	  Inflorescences	  of	  T.	  ulei	  exhibit	  a	  2-­‐day	  pro-­‐
togynous	  flowering	  cycle,	  undergoing	  female	  and	  male	  phases	  consecutively.	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Early	   in	  the	  morning	  of	  day	  one	  of	  anthesis,	  the	  female	  flowers	  are	  moist	  with	  viscous,	  sticky	  
exudates	  and	  stigma	  receptivity	  is	  evident.	  At	  this	  time	  the	  spadix	  is	  fully	  turgid	  and	  protruded,	  sur-­‐
passing	  in	  length	  the	  spathe,	  then	  fully	  opened	  to	  completely	  expose	  the	  male	  flowers	  (fig.	  1c).	  By	  
late	  afternoon,	  around	  17h00,	  the	  spadix	  becomes	  warm	  to	  the	  touch	  and	  gives	  off	  a	  strong	  floral	  
scent,	   which	   is	   perceived	   for	   the	   subsequent	   3-­‐4h.	   To	   the	   human	   nose,	   the	   peculiar	   aroma	   is	  
characterized	   by	   agreeable	   floral	   notes	   accompanied	   by	   a	   pungent,	   fermented-­‐like	   odour	   which	  
Figure	  1.	  Taccarum	  ulei:	   (a)	  Habit.	   (b)	  Cyclocephala	  celata	   (Scarabaeidae)	  over	   female	   flowers	  during	  
day	   one	   of	   anthesis.	   (c)	  Cyclocephala	   latericia	   crowding	   inside	   a	   thermogenic	   and	   odoriferous	   inflo-­‐
rescence	  during	  day	  one	  of	  anthesis.	   (d)	  Pollen-­‐covered	  Cyclocephala	   latericia	   over	   the	  male	   zone	  of	  
the	  spadix	  on	  day	  two	  of	  anthesis,	  ready	  to	  fly	  away.	  (e)	  Melanoloma	  sp.	  (Richardiidae)	  visiting	  an	  inflo-­‐
rescence	  during	  day	  two	  of	  anthesis.	  (f)	  Pupae	  of	  Melanoloma	  sp.	  attached	  to	  the	  inner	  surface	  of	  the	  
spathe.	  
[Photos	  A.C.D.	  Maia	  and	  C.	  Schlindwein] 
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resembles	  that	  of	  old	  cheese.	  It	  is	  easily	  perceived	  in	  the	  air	  up	  to	  15	  meters	  away	  from	  the	  warmed	  
up	   inflorescences.	  On	   the	   following	   day,	   the	   spadix	   is	   less	   turgid	   and	   no	   longer	   protruded.	  Male	  
phase	  is	  evident	  around	  13h00-­‐14h30,	  when	  the	  anthers	  open	  and	  bright-­‐yellow	  threads	  of	  pollen	  
are	  abundantly	  released.	  There	  is	  clear	  overlapping	  of	  the	  two	  phases,	  as	  the	  stigmas	  remain	  recep-­‐
tive	  even	  after	  pollen	  discharge.	  After	  anthesis,	  2-­‐5	  days	  later,	  the	  upper	  third	  of	  the	  spadix	  withers,	  
while	  its	  remainder	  is	  enclosed	  by	  the	  spathe	  along	  with	  the	  fertilized	  female	  flowers.	  Reproductive	  
success	  is	  evident	  5-­‐8	  days	  after	  the	  end	  of	  anthesis	  by	  discrete	  enlargement	  of	  the	  ovaries.	  	  
Flower	  thermogeinicity	  
Throughout	   the	   experiment	   the	   temperatures	   inside	   the	   greenhouse	   ranged	   between	   25	   °C	  
and	  31	  °C.	  Between	  16h30	  and	  17h00	  of	  day	  one	  of	  anthesis,	  the	  spadices	  of	  T.	  ulei	  inflorescences	  
gradually	  heated	  up.	  Temperatures	  rose	  haphazardly	  until	  reaching	  a	  peak	  in	  the	  subsequent	  1:00-­‐
1:30h	  (fig.	  2a).	  Highest	  temperatures	  were	  recorded	  from	  the	  tissue	  of	  the	  axis	  in	  the	  middle	  of	  the	  
male	  zone	  (Tmz	  =	  38.4	  ±	  1.4	  °C;	  11.0	  ±	  2.7	  over	  the	  ambient	  air),	  but	  the	  connectives	  of	  male	  flowers	  
and	   the	   female	   zone	   of	   the	   spadix	   are	   also	   thermogenic	   and	   the	   temperatures	   of	   all	   measured	  
points	   oscillate	   in	   a	   similar	   pattern	   (fig.	   2b).	   Once	   they	   peaked,	   temperatures	   of	   the	   spadices	  
dropped	  unevenly	  but	  remained	  noticeably	  warmer	  than	  those	  of	  the	  surrounding	  air	  for	  a	  period	  
of	  over	  9	  hours,	  after	  which	  flower	  thermogeinicity	  could	  no	  longer	  be	  evidenced	  by	  Tmz	  measure-­‐
ments	  (fig.	  2a).	  Through	  the	  remainder	  of	  the	  flowering	  cycle	  we	  have	  not	  recorded	  unambiguous	  
flower	  thermogeinicity	  from	  the	  spadices	  of	  T.	  ulei	  inflorescences.	  	  
Breeding	  system	  and	  floral	  traits	  
Self-­‐pollinated	   inflorescences	   of	  Taccarum	  ulei	   can	   develop	   into	   seed-­‐containing	   fruits	   (25%;	  
table	   1).	   Cross-­‐pollination,	   however,	   resulted	   in	   considerably	   higher	   fructification	   success.	   Hand	  
cross-­‐pollination	  always	   led	  to	   fruit	  development,	  whereas	  non-­‐manipulated	   inflorescences	  devel-­‐
oped	   into	   seed-­‐containing	   infructescences	   in	   60%	   of	   the	   observed	   cases	   (table	   1).	   Limitations	   of	  
fruit	  development	  were	  mostly	  attributed	  to	   the	  damage	  promoted	  by	   flower	  predators	   to	   fertile	  
floral	  structures,	  rather	  than	  to	  the	  absence	  of	  effective	  pollinators	  (see	  below).	  Spontaneous	  self-­‐
pollination	  occurred	  in	  only	  8%	  of	  inflorescences.	  
The	  complete	  set	  of	  analyzed	  floral	  traits	  is	  presented	  in	  table	  2.	  Taccarum	  ulei	  is	  characterized	  
by	   large	  pollen	  grains	  and	  wide	   stigmatig	  area,	  but	  an	  equivalent	  medium-­‐range	  number	  of	  male	  
and	  female	  flowers	  (table	  2).	  On	  the	  other	  hand,	  the	  number	  of	  pollen	  grains	  per	  inflorescence	  and	  
the	  number	  of	  ovules	  per	  flower	  are	  low,	  leading	  to	  a	  low	  P/O	  ratio	  (table	  2).	  The	  multivariate	  com-­‐
parison	  of	   the	   floral	   traits	  of	  T.	  ulei	  with	   those	  of	  other	  known	  Araceae	   indicates	   that	  T.	  ulei	  pre-­‐
sents	  a	  global	  set	  of	  floral	  traits	  typical	  of	  beetle-­‐pollinated	  taxa	  (fig.	  3).	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a	  
b	  
Figure	  2.	  Thermogenesis	  in	  Taccarum	  ulei	  during	  the	  2-­‐day	  flowering	  cycle:	  (a)	  Temperature	  curves	  of	  dif-­‐
ferent	  zones	  of	  the	  spadix	  of	  one	  inflorescence.	  (b)	  Temperature	  differences	  between	  the	  middle	  of	  the	  
male	  zone	  of	  the	  spadix	  and	  ambient	  air,	  measured	  from	  two	  inflorescences.	  Vertical	  gray	  bands	  repre-­‐
sent	  the	  heating	  interval	  during	  the	  female	  phase	  (day	  one).	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Floral	  traits	   Mean	  ±	  [SD]	  
length	  male	  zone	  [mm]	  (n=6)	   125.1	  ±	  47.5	  
length	  female	  zone	  [mm]	  (n=6)	   88.3	  ±	  37.3	  
Ø	  male	  zone	  [mm]	  (n=6)	   15.8	  ±	  4.1	  
Ø	  female	  zone	  [mm]	  (n=6)	   15.9	  ±	  3.3	  
stigma	  area	  per	  flower	  [mm2]	   2.9	  ±	  1.2	  
stigma	  area	  per	  inflorescence	  [mm2]	   738.3	  ±	  493.4	  
pollen	  Ø	  [μm]	  (n=25)	   80.2	  ±	  4.4	  
pollen	  grains	  volume	  [mm3]	   2.70·∙10-­‐1	  	  
#	  connectives	  per	  inflo.	  (n=6)	   270.5	  ±	  78.6	  
#	  anthers	  per	  connective	  (n=100)	   7.6	  ±	  1.1	  
#	  pollen	  grains	  per	  anther	  (n=15)	   1512	  ±	  521	  
#	  female	  flowers	  per	  inflorescence	  (n=6)	   273.3	  ±	  104.7	  
#	  pollen	  grains	  per	  inflorescence	   3.11	  ±	  0.904·∙106	  
#	  ovules	  per	  flower	  (n=100)	   6.1	  ±	  0.6	  
#	  ovules	  per	  inflo.	   1,448	  ±	  638	  
P/O	  ratio	   2,375	  ±	  899	  
	   	  
	  
	  
	  
	  
	  
Treatment	   n	   Fruit	  set	   Fruit	  set	  (%)	  
Emasculation	  (apomixis)	   3	   0	   0	  
Hand	  cross-­‐pollination	   3	   3	   100	  
Hand	  self-­‐pollination	   4	   1	   25	  
Spontaneous	  self-­‐pollination	   25	   2	   8	  
Open	  pollinated	  inflorescences	   22	   13	   59.1	  
	   	   	   	  
Table	  1.	  Controlled	  pollination	  experiments	  in	  Taccarum	  ulei	  	  (Araceae).	  	  
Note.	  n	   =	   sample	   size;	   fruit	   set	   =	   number	   of	   inflorescences	   starting	   to	  
develop	  fruits	  (ovaries	  enlargement).	  
Table	  2.	  Floral	  traits	  of	  Taccarum	  ulei	  (Araceae)	  (mean	  ±	  [SD]).	  In	  
bold	   fonts	   the	   floral	   traits	   used	   for	   multivariate	   comparison	  
NMDS	  analysis	  (see	  Results	  section).	  
Note.	  Sample	  sizes,	  when	  applicable,	  are	  indicated	  for	  each	  floral	  
trait	  between	  parenthesis.	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Insect	  visitors	  
Scarab	  beetles	  of	  two	  species	  were	  frequent	  visitors	  of	  T.	  ulei	  at	  the	  study	  sites,	  Cyclocephala	  
celata	  Dechambre,	  1980	  (total	  body	   length	  =	  1.5-­‐1.8	  cm)	  and	  C.	   latericia	  Höhne,	  1923	  (total	  body	  
length	   =	   1.7-­‐2.0	   cm).	  With	   the	   strong	   odor	   emission	   at	   dusk	   and	   early	   evening,	   between	   17h00-­‐
19h30,	  beetles	  of	  both	  species	  arrived	  at	  the	  inflorescences	  on	  day	  one	  of	  anthesis	  (figs.	  1b,	  1c,	  1d).	  
Intense	  activity	  was	  observed	  upon	  arrival,	  including	  copulating	  and	  feeding	  on	  the	  staminodes	  in-­‐
side	  the	  floral	  chambers,	  where	  they	  remained	  hidden	  through	  the	  rest	  of	  the	  night	  and	  the	  follow-­‐
ing	  day.	  Even	  though	  less	  active,	  the	  beetles	  still	  fed	  on	  the	  nutritious	  staminodes	  all	  through	  day-­‐
time,	  during	  which	  we	  also	  observed	  copulation	  in	  both	  species.	  By	  dusk	  of	  day	  two	  of	  anthesis,	  the	  
scarab	  beetles	  slowly	  climbed	  up	  the	  spadix.	  With	  their	  bodies	  sticky	  with	  stigmatic	  exudates	  and	  
pollen,	  they	  then	  flew	  away	  in	  search	  of	  other	  odoriferous	  inflorescences	  in	  an	  interval	  of	  no	  more	  
than	   2h.	  Occasionally,	   however,	   beetles	  were	   observed	   inside	   inflorescences	   of	  T.	   ulei	   up	   to	   two	  
days	  after	  anthesis.	  
All	   inflorescences	   opened	   on	   day	   two	   of	   anthesis	   bore	   individuals	   of	   either	   species	   of	   Cy-­‐
clocephala	  inside	  the	  floral	  chambers,	  comprising	  an	  overall	  mean	  of	  10.3	  ±	  5.1	  (SD)	  beetles	  per	  in-­‐
florescence	  (n	  =	  8).	  There	  was	  no	  significant	  difference	  in	  the	  abundance	  of	  C.	  celata	  and	  C.	  latericia	  
Beetle	  
Fly	  
Bee	  
Generalist	  
Figure	  3.	  Non-­‐metric	  multidimensional	  scaling	  (NMDS)	  representation	  of	  eight	  selected	  floral	  traits	  
(see	  Material	  and	  Methods	  section)	  comprising	  overall	  data	  (49	  genera,	  69	  species,	  taken	  from	  
Gibernau	  et	  al	  [8]).	  Each	  different	  plot	  marker	  corresponds	  to	  a	  pollination	  syndrome	  (Chouteau	  et	  al.	  
[7])	  detailed	  at	  the	  bottom	  caption.	  Taccarum	  ulei	  is	  represented	  by	  the	  blue	  square	  among	  beetle-­‐
pollinated	  taxa.	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inside	  T.	  ulei	  inflorescences	  (Z	  =	  1.22;	  df	  =	  7;	  P	  =	  0.22;	  p	  <	  0.05).	  Both	  species	  were	  identified	  as	  ef-­‐
fective	  pollinators	  of	  T.	  ulei,	  considering	  that	  when	  visiting	  female-­‐phase	  inflorescences	  they	  came	  
into	  contact	  with	  receptive	  stigmas	  carrying	  large	  loads	  of	  cross-­‐pollen	  in	  their	  bodies.	  
Flies	   of	   an	   undescribed	   species	   of	   the	   genus	  Melanoloma	   (Diptera,	   Richardiidae)	   (total	   body	  
length	  =	  0.5-­‐0.6	  cm;	  fig.	  1e)	  were	  also	  frequent	  visitors	  of	  T.	  ulei	  inflorescences,	  which	  they	  used	  as	  
oviposition/brooding	  sites.	  During	  late	  afternoon	  hours,	  adults	  were	  seen	  landing	  over	  the	  spadices	  
of	   inflorescences	   on	   various	  maturation	   stages,	   from	   those	   recently	   emerged	   to	   late	  male	   phase	  
ones.	  Female	  flies	   laid	  their	  eggs	  preferably	  over	  the	  male	  zone	  of	  the	  spadix,	  and	  we	  did	  not	  ob-­‐
serve	  any	  individual	  venturing	  lower	  towards	  the	  female	  flowers.	  We	  did	  not	  identify	  visible	  pollen	  
loads	  in	  the	  bodies	  of	  any	  of	  the	  observed	  flower-­‐visiting	  Melanoloma	  flies.	  After	  an	  unrecorded	  pe-­‐
riod	  of	   time	   (between	  3-­‐10	  days),	   larvae	  hatched	  and	  started	   to	   feed	  on	   the	  connectives	  of	  male	  
flowers,	  digesting	  pollen	  from	  damaged	  anthers	  as	  well.	  Infestation	  was	  limited	  to	  25-­‐50	  larvae	  per	  
inflorescence	  and	  floral	  tissue	  damage	  was	  restricted	  to	  a	  few	  male	  flowers.	  Over	  infested	  inflores-­‐
cences	  (<	  5%;	  n=52),	  however,	  hosted	  >	  200	  feeding	   larvae,	  which	  severely	  damaged	  not	  only	  the	  
male	  zone	  of	  the	  spadix	  but	  also	  female	  flowers	  and	  even	  the	  axial	  tissue	  of	  the	  spadix.	  Seven	  to	  12	  
days	  after	  hatching,	  the	  larvae	  developed	  into	  pupae	  that	  attached	  themselves	  to	  the	  inner	  surface	  
of	   the	   spathe	   (fig.	   1f).	   Adults	   emerged	   10-­‐15	   days	   after	   pupation.	   Based	   on	   these	   observations,	  
adult	  Melanoloma	  sp.	  flies	  were	  regarded	  exclusively	  as	  flower	  predators	  of	  T.	  ulei	  inflorescences.	  
Other	  occasional	  insect	  visitors	  included	  sporadically	  seen	  stingless	  bees	  of	  the	  genus	  Trigona	  
and	  a	  single	  record	  of	  an	  unidentified	  species	  of	  predator	  bug	  (Heteroptera,	  Reduviidae).	  These	  cas-­‐
es	  were	  deemed	  irrelevant	  to	  the	  reproductive	  biology	  of	  T.	  ulei.	  
	  
	  
4.3	  Discussion	  
	  
As	  means	  of	  a	  broad	  overview,	  T.	  ulei	  presents	  several	  of	   the	  typical	   features	  common	  to	  an	  
aroid	  pollinated	  by	  scarab	  beetles.	  Its	  inflorescences	  are	  large	  and	  sturdily	  built,	  clearly	  adapted	  to	  
the	  vigorous	  activity	  of	  the	  insects.	  A	  funnel-­‐shaped	  spathe	  provides	  a	  sheltered	  chamber	  that	  can	  
accommodate	  even	  large	  crowds	  of	  visitors.	  The	  protogynous	  anthesis	  takes	  the	  course	  of	  approxi-­‐
mately	   one	   day	   between	   thermogenesis	   during	   the	   female	   phase	   and	   pollen	   release	   during	   the	  
male	  phase,	  a	  presentation	  common	  to	  many	  species	  of	  Philodendron	  subg.	  Philodendron	  [17,32,33],	  
Philodendron	  subg.	  Meconostigma	  [15,34],	  Caladium	  [35],	  Xanthosoma	  [36],	  Montrichardia	  [37]	  and	  
Dieffenbachia	  [24,27].	  The	  pollination	  syndrome	  of	  T.	  ulei	  is	  also	  confirmed	  by	  the	  analysis	  of	  floral	  
traits	  (fig.	  3),	  even	  if	  some	  floral	  characters	  such	  as	  the	  number	  of	  pollen	  grains	  per	   inflorescence	  
and	  the	  number	  of	  ovules	  per	  flower	  were	  deemed	  as	  particularly	  low	  for	  beetle-­‐pollinated	  taxa	  [8].	  
Other	  characters,	  such	  as	  the	  pollen	  grain	  volume,	  the	  stigma	  area	  and	  the	  number	  of	  female	  flow-­‐
ers	  are	  shared	  with	  other	  cantharophilous	  aroids	  [8].	  The	  relatively	  low	  number	  of	  male	  flowers	  in	  T.	  
ulei	  inflorescences,	  although	  very	  typical	  of	  fly-­‐pollinated	  taxa,	  is	  not	  uncommon	  among	  aroids	  vis-­‐
ited	  by	  scarab	  beetles	  [8].	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We	  verified	  no	  temperature	  elevation	  or	  odor	  emission	  from	  T.	  ulei	   inflorescences	  during	  day	  
two	  of	  anthesis.	  For	  Philodendron	   subg.	  Philodendron	   [17,32,33],	  Caladium	   [35],	  Montrichardia	   [37]	  
and	  Homalomena	   [38],	   there	   are	   two	   thermogenic	   events,	   occurring	   in	   consecutive	   days	   (during	  
female	  and	  male	  phase).	  The	  importance	  of	  temperature	  increase	  during	  male	  phase	  has	  been	  the	  
object	  of	  conjecture.	  The	  fact	  that	  pollen	  release	  commonly	  follows	  a	  second	  thermogenic	  episode	  
has	  boosted	  the	  hypothesis	  that	  the	  two	  events	  might	  be	  co-­‐related	  [32,33].	  Such	  does	  not	  seem	  to	  
be	  the	  case	   in	  T.	  ulei,	  nor	   in	  other	  Spathicarpeae,	  among	  which	  only	  one	  thermogenic	  peak	   is	  ob-­‐
served	   [38].	   The	  presence	  of	   a	   single	  heating	   interval	   is,	   according	   to	  Meeuse	  and	  Raskin	   [39],	   an	  
evolved	  trait	  within	  the	  Araceae.	  Gottsberger	  and	  Amaral	  Jr.	  [14]	  have	  inferred	  that	  in	  isolated	  up-­‐
land	  Atlantic	  Forest	  populations	  of	  Philodendron	  bipinnatifidum	  Schott	  (previously	  referred	  to	  as	  P.	  
selloum	  K.	  Koch;	  Gonçalves	  and	  Salviani	  [40]),	  a	  single	  interval	  of	   intense	  odor	  volatilization	  during	  
the	  female	  phase	  would	  actually	  consist	  on	  a	  specialization.	  In	  such	  a	  case,	  the	  abandonment	  of	  an	  
inflorescence	  at	  the	  end	  of	  anthesis	  by	  the	  beetles	  must	  be	  strongly	  related	  to	  the	  emission	  of	  at-­‐
tractive	  scents	  of	  newly	  opened	  ones,	  which	  signalize	  fresh	  food	  reserves	  and	  warmed	  mating	  sites.	  
In	  Annona	  spp.	  and	  other	  Annonaceae,	  the	  end	  of	  anthesis	  also	  culminates	  with	  the	  complete	  de-­‐
hiscence	  of	  floral	  parts	  that	  form	  the	  floral	  chamber;	  petals	  and	  anthers	  detach,	  leaving	  only	  the	  re-­‐
ceptacle	  behind	  [41].	  In	  many	  Philodendron,	  there	  is	  physical	  repellency	  of	  the	  beetles	  at	  the	  end	  of	  
anthesis	  by	  the	  retraction	  of	  the	  spadix	  and	  enclosure	  of	  the	  spathe	  [14,17,32,33].	  Cycads	  are	  known	  
to	  change	  their	  odor	  from	  attractive	  to	  repulsive	  between	  first	  and	  second	  day	  [42].	  We	  did	  not	  ob-­‐
serve	  any	  of	  these	  strategies	  in	  T.	  ulei.	  
Another	  particularity	  of	  the	  floral	  thermogenesis	   in	  T.	  ulei	   is	  that	  perceivable	  heat	  generation	  
was	  recorded	  in	  the	  whole	  axis	  length	  of	  the	  spadix.	  Zonal	  thermogenesis	  is	  generalized	  among	  the	  
aroids	  and	  usually	  only	  specific	  areas	  of	  the	  spadix	  are	  thermogenic	  [43].	  This	  degree	  of	  specializa-­‐
tion	   is	  most	  pronounced	  among	  several	  genera	  of	  the	  tribe	  Areae	  pollinated	  by	  carrion	   insects,	   in	  
which	  histologically	  distinct	  appendices	  function	  as	  both	  floral	  heaters	  and	  isolated	  osmophores	  [43-­‐
45].	  
When	  addressing	  the	  uniqueness	  of	  the	  inflorescence	  of	  T.	  ulei,	  compared	  to	  those	  of	  other	  cy-­‐
clocephaline	  pollinated	  aroids,	   its	  overall	   color	  pattern	   stands	  out.	  Vivid	  and	  bright	   tonalities	  had	  
not	  been	  previously	  documented	   in	  other	  taxa	  visited	  by	  these	  beetles,	  among	  which	  floral	  struc-­‐
tures	  are	  usually	  whitish	  or	  faint	  colored	  [22,47].	  Such	  coloration	  is	  characteristic	  of	  syndromes	  in-­‐
volving	   crepuscular/nocturnal	   insects,	   as	   sphingophilous	   (hawkmoth-­‐pollinated)	   flowers	   share	   the	  
same	  general	  color	  presentation	  [47,48].	  Raguso	  and	  Willis	  [50,51]	  showed	  that	  flowers	  that	  appear	  
white	  to	  the	  human	  visual	  spectrum	  very	  often	  are	  UV	  absorbent	  and	  essentially	  attractive	  to	  the	  
nocturnal	   hawkmoth	  Manduca	   sexta	   (Linnaeus,	   1763)	   (Sphingidae,	   Lepidotera).	   Gottsberger	   and	  
Silberbauer-­‐Gottsberger	  [47]	  have	  shown	  that,	  although	  floral	  odors	  are	  the	  main	  strategy	  used	  by	  
P.	   bipinnatifidum	   for	   the	   attraction	   of	   the	   cyclocephaline	   scarab	   Erioscelis	   emarginata	   (Manner-­‐
heim,	  1829),	  visual	  stimuli	  also	  play	  an	  important	  role	  in	  its	  pollination,	  as	  the	  beetles	  provably	  rely	  
on	  the	  white	  coloration	  of	  the	  inner	  spathe	  for	  proximal	  attractiveness.	  The	  absence	  of	  presumably	  
high-­‐reflectance	  colors	  in	  T.	  ulei	  inflorescences	  leads	  to	  the	  assumption	  that	  they	  take	  no	  part	  in	  the	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long-­‐range	  attraction	  of	  the	  crepuscular/nocturnal	  pollinators	  of	  the	  species,	  thus	  strictly	  attributed	  
to	  the	  emission	  of	  attractive	  floral	  scent	  volatiles.	  
To	  the	  human	  eye,	  inflorescences	  of	  T.	  ulei	  resemble	  those	  of	  fly-­‐pollinated	  unrelated	  taxa	  of	  
the	  tribe	  Areae,	  e.g.	  Dracunculus,	  Helicodiceros	  and	  Sauromatum	   [3].	  Spathe	  colours	  and	  patterns	  
are	  known	   to	  be	   important	   in	   the	  attraction	  of	  pollinators	  by	  myiophilous	  aroids	   [2].	   Floral	   struc-­‐
tures	  in	  such	  taxa	  are	  frequently	  related	  to	  visual	  deception	  and	  may	  resemble	  the	  colours	  of	  rot-­‐
ting	  fruits	  or	  carrion,	  preferred	  oviposition	  sites	  of	  several	  fly	  taxa	  [52].	  
Within	   the	   Spathicarpeae,	   fruit	   flies	   (Drosophilidae)	   are	   the	  main	   visitors	  of	  Spathicarpa	   and	  
Spathantheum	  (E.G.	  Gonçalves,	  person.	  obs.).	  In	  Northern	  Brazil,	  Bogner	  and	  Gonçalves	  [53]	  report-­‐
ed	  such	  an	  abundance	  of	  flies	  of	  the	  species	  Beebeomyia	  sp.	  (Richardiidae)	  in	  G.	  brasiliense	  inflores-­‐
cences	  that	  they	  were	  mistakenly	  taken	  for	  effective	  pollinators.	  Later	  at	  the	  same	  study	  site,	  Gon-­‐
çalves	  and	  Maia	  [22]	  isolated	  the	  cyclocephaline	  scarab	  Cyclocephala	  simulatrix	  Höhne,	  1923	  (erro-­‐
neously	  referred	  to	  as	  C.	  celata;	  P.C.Grossi,	  person.	  comm.)	  as	  the	  true	  pollinator	  of	  this	  species.	  
It	  is	  particularly	  noteworthy	  that	  all	  basal	  groups	  of	  the	  Spathicarpeae	  (see	  ref.	  20)	  are	  lowland	  
geophytes	  pollinated	  by	  cyclocephaline	  beetles,	  such	  as	  Dieffenbachia	  and	  Gearum	  [4].	  That	  can	  be	  
interpreted	   as	   the	  plesiomorphic	   condition	   for	   the	   tribe.	   Evolution	   lead	   to	   the	   invasion	  of	   higher	  
habitats	  and	  diversification	  of	  pollination	  syndromes,	  often	  coupled	  to	  a	  decrease	  of	  inflorescence	  
size	  [28].	  The	  atypical	  cyclocephaline-­‐pollinated	  inflorescences	  of	  Taccarum	  ulei,	  together	  with	  the	  
recent	  origin	  of	  the	  genus	  (interpreted	  as	  the	  sister	  group	  of	  Asterostigma	  [20]),	  may	  be	  a	  clue	  for	  a	  
possible	  adaptive	  reversion	  to	  explore	  scarab	  beetles	  as	  pollinators.	  A	  possible	  trigger	  could	  be	  a	  re-­‐
invasion	  of	   lowlands,	   but	   this	   aspect	   should	  be	   tested	   in	  other	   genera	  of	   this	   tribe,	   including	  As-­‐
terostigma,	  whose	  pollinators	  are	  so	  far	  unknown.	  	  	  
As	  both	  myiophilous	  and	  cantharophilous	  syndromes	  are	  essentially	  olfactory-­‐driven,	  the	  floral	  
scent	   composition	  of	  G.	   brasiliense	   and	  T.	   ulei	  may	  hold	   evidence	  of	   the	   slight	   details	   implicated	  
with	  pollinator	  selection	  and	  switches	  that	  might	  have	  occurred	  through	  the	  evolution	  of	  the	  Spath-­‐
icarpeae.	  Comparative	  odor	  chemistry	  analysis	  and	  further	  investigation	  of	  the	  olfactory	  attraction	  
cues	  used	  by	  the	  Spathicarpeae	  should	  shed	  some	  light	  into	  these	  inferences.	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Abstract	  
	  
The	  strongly	  fragrant	  thermogenic	  inflorescences	  of	  Taccarum	  ulei	  (Araceae)	  are	  highly	  attractive	  to	  
night-­‐active	  scarab	  beetles	  of	  Cyclocephala	  celata	  and	  C.	   latericia,	  effective	  pollinators	  of	  the	  spe-­‐
cies	  in	  northeastern	  Brazil.	  GC-­‐MS	  analysis	  of	  headspace	  floral	  scent	  samples	  of	  T.	  ulei	  revealed	  that	  
two	   constituents	   alone,	   (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	   (an	   aliphatic	   acyloin)	   and	   dihydro-­‐β-­‐
ionone	  (an	   irregular	  terpene),	  accounted	  to	  over	  96%	  of	  the	  total	  relative	  scent	  discharge.	  Behav-­‐
ioral	  tests	  with	  pure	  synthetic	  standards	  of	  these	  chemical	  volatiles	  showed	  that	  male	  and	  female	  C.	  
celata	  and	  C.	  latericia	  were	  attracted	  to	  traps	  baited	  with	  a	  mix	  of	  the	  two	  compounds,	  but	  were	  al-­‐
so	  responsive	  to	  (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	  by	  itself.	  Our	  results	  enhance	  the	  comprehen-­‐
sion	  about	  specialization	  in	  plant-­‐pollinator	  interactions	  within	  the	  frame	  of	  the	  ‘private	  communi-­‐
cation	  channel’	  signal	  model.	  
	  
Keywords:	  	  (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone,	  Cyclocephala,	  floral	  volatiles,	  behavioral	  tests	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5.1	  Introduction	  
	  
With	  over	  350	  documented	  species,	  and	  many	  yet	  to	  be	  described,	  night-­‐active	  scarab	  beetles	  
of	  the	  tribe	  Cyclocephalini	  (Scarabaeidae,	  Dynastinae)	  are	  arguably	  the	  most	  diverse	  insect	  group	  of	  
scent-­‐driven	  pollinators	  in	  the	  Neotropics	  [1,2],	  rivaled	  only	  by	  fragrance-­‐seeking	  male	  orchid	  bees	  
(Apidae,	  Euglossini)	  [3].	  
Male	  and	  female	  cyclocephaline	  scarabs	  are	  attracted	  at	  dusk	  or	  during	  the	  night	   to	   fragrant	  
anthetic	   flowers	   and	   inflorescences,	  which	   they	  use	  as	  mating	   aggregation	   sites	   and	  as	   a	   reliable	  
source	  of	  nutritious	   food	  rewards,	   for	  which	   they	  pay	  with	  pollination	  services	   [4,5].	   Important	  as	  
the	  role	  of	  chemical	  attraction	   is	   in	  these	  highly	  specialized	   interactions,	   little	   is	  known	  about	  the	  
assortment	  of	  volatile	  compounds	  that	  mediate	  them.	  Very	  few	  studies	  have	  actually	  illustrated	  the	  
composition	  of	  the	  fragrances	  of	  cyclocephaline	  scarab-­‐pollinated	  angiosperms	  in	  detail	  [6,7]	  and	  it	  
was	  only	  recently	  that	  the	  spectrum	  was	  broadened	  to	  aroid	  taxa	  [CHAPTERS	  I, II, IV].	  
In	  the	  Atlantic	  Forest	  of	  northeastern	  Brazil,	  indigenous	  populations	  of	  the	  widespread	  Araceae	  
Philodendron	  acutatum	  and	  Caladium	  bicolor	  rely	  exclusively	  on	  male	  and	  female	  Cyclocephala	  ce-­‐
lata	  Dechambre	  1980	  as	  an	  effective	  pollinator	  [8,9].	  The	  same	  scarab	  species,	  along	  with	  a	  conge-­‐
neric	  (C.	  latericia),	  is	  also	  directly	  implicated	  with	  the	  reproductive	  success	  of	  syntopic	  populations	  
of	  Taccarum	  ulei	  [CHAPTER	  IV].	  	  
A	  comparative	  analysis	  of	  the	  floral	  bouquet	  of	  C.	  bicolor	  to	  that	  of	  unrelated	  Annona	  species	  
(Annonaceae)	  lead	  to	  the	  pioneer	  identification	  of	  a	  unique	  behaviorally	  active	  compound	  in	  polli-­‐
nation	   systems	   involving	   cyclocephaline	   scarabs	   [CHAPTER	   III].	   In	   field	   experiments,	   scarab	   beetles	  
were	   strongly	   driven	   to	   fragrant	   baits	   and	   easily	   entrapped	   for	   sampling	   purposes.	   Such	   type	   of	  
paired	   comparisons,	   coupled	   to	   controlled	  attractivity	  biotests,	  offer	   a	   simple	   strategy	   to	   identify	  
other	  bioactive	  compounds	  in	  similar	  plant-­‐pollinator	  mutualisms.	  
In	  this	  study,	  we	  investigated	  the	  floral	  scent	  of	  Taccarum	  ulei	  and	  its	  implication	  with	  the	  at-­‐
traction	  of	  scarab	  beetle	  pollinators,	  tackling	  the	  following	  questions:	  (1)	  what	  is	  the	  chemical	  com-­‐
position	  of	  the	  bouquet	  and	  how	  original	  is	  it?	  (2)	  are	  the	  prominent	  constituents	  in	  the	  floral	  scent	  
of	   T.	   ulei	   also	   found	   in	   other	   syntopic	   aroid	   species	   sharing	   the	   same	   pollinators?	   (3)	   are	   these	  
prominent	  compounds	  directly	  implicated	  with	  the	  attraction	  of	  effective	  pollinators?	  
	  
5.2	  Material	  and	  methods	  
	  
Floral	  scent	  composition	  
Scent	   samples	   of	   Taccarum	   ulei	   were	   collected	   through	   dynamic	  headspace	   extraction	   from	  
three	  intact	  individuals	  dug	  up	  from	  their	  natural	  setting	  (refer	  to	  CHAPTER	  IV	  for	  details)	  and	  kept	  in-­‐
side	  a	  greenhouse	   (n=3).	  During	   thermogenic	  activity	   in	   the	   female	  phase	  of	  anthesis,	   each	   inflo-­‐
rescence	  was	   enclosed	  within	   a	   PET	   film	   oven	   bag	   (Bratschlauch,	  Melitta	   GmbH,	   Germany)	   from	  
which	  scented	  air	  was	  drawn	  for	  30	  min	  by	  battery-­‐operated	  membrane	  pumps	  (ASF	  Thomas,	  Inc.,	  
Germany)	  at	  a	  constant	  flow	  rate	  of	  ca.	  200	  ml.min-­‐1.	  The	  volatiles	  in	  the	  air	  were	  trapped	  in	  glass	  
tubes	  containing	  25	  mg	  of	  adsorbent	  polymer;	  a	  1:1	  mix	  of	  Tenax™	  TA	   (80/100	  mesh,	  Macherey-­‐
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Nagel	   706318)	   and	   Carbopack™	   X	   (20/40	  mesh,	   Supelco	   1-­‐0435).	   Immature	   inflorescences	   (n=2)	  
and	   the	   leaf	   blade	   (n=1)	   were	   additionally	   sampled.	   Blanks	   were	   simultaneously	   collected	   from	  
empty	  bags.	  Immediately	  following	  the	  collections,	  the	  traps	  were	  eluted	  with	  150	  μL	  acetone	  (p.a.	  
grade)	  then	  kept	  at	  -­‐24	  °C	  refrigeration	  until	  analysis.	  	  
Analyses	  were	  conducted	  by	  combined	  gas	  chromatography-­‐mass	  spectrometry	  (GC-­‐MS)	  on	  a	  
Thermo	  Finnigan	  Voyager	  Mass	  Spectrometer™	  coupled	  with	  a	  Thermo	  Trace	  GC	  2000™	   (Thermo	  
Fisher	   Scientific	   Inc.,	   Rockford,	  USA),	   equipped	  with	   a	  CP-­‐Wax	  52CB	   column	   (Varian,	   Inc.;	   30	  m	   x	  
0.25	  mm	  i.d.,	  0.25	  μm	  film	  thickness).	  For	  each	  sample,	  0.6	  μl	  of	  the	  elution	  was	  injected	  on	  column.	  
GC	  oven	  temperature	  was	  set	  at	  60	  °C	  for	  3	  min	  then	  increased	  by	  2.5°C	  min-­‐1	  to	  240	  °C,	  then	  held	  
steady	  for	  10	  min.	  Helium	  carrier	  gas	  flow	  was	  maintained	  at	  a	  constant	  pressure	  of	  100	  kPa.	  The	  
MS	  interface	  was	  200	  °C	  and	  mass	  spectra	  were	  taken	  at	  70eV	  (in	  EI	  mode)	  with	  a	  scanning	  speed	  of	  
0.5	  scan-­‐s	   from	  m/z	  20-­‐350.	  Compounds	  were	   identified	  by	  comparison	  of	   their	  mass	  spectra	  and	  
retention	   times	  with	   those	  of	   authentic	   reference	   samples	   available	   from	   the	  Givaudan	  SA	   refer-­‐
ence	  compound	  collection	  with	  the	  Xcalibur	  2.0™	  software	  (Thermo	  Fisher	  Scientific	  Inc.,	  Rockford,	  
USA).	   The	  peak	  areas	  on	   the	   chromatograms	  were	   integrated	   for	   the	   total	   ion	   current	   signal	   and	  
their	  values	  were	  used	  to	  determine	  the	  relative	  amounts	  of	  each	  compound.	  
The	  main	   peak	   compound	   isolated	   in	   the	   analyzed	   floral	   scent	   samples	  was	   investigated	   re-­‐
garding	  optical	  isomerism.	  Chiral	  GC-­‐FID	  analyses	  were	  conducted	  on	  a	  HP	  5890	  Series	  II	  gas	  chro-­‐
matograph,	  equipped	  with	  a	  BGB-­‐176SE	  column	  (30	  m	  ×	  0.25	  mm	  i.d.,	  0.25	  μm	  film	  thickness)	  with	  
H2	  as	  carrier	  gas.	  The	  temperature	  program	  was:	  50	  °C	   isothermal	  for	  5	  min,	  3	  °C	  min-­‐1	  to	  210	  °C,	  
isothermal	  for	  20	  min.	  The	  chromatogram	  obtained	  from	  the	  coinjection	  of	  the	  floral	  scent	  of	  Tac-­‐
carum	  ulei	  and	  synthetic	  (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	  showed	  only	  one	  symmetrical	  peak	  at	  
20.5	  min,	  which	   lead	  us	   to	   the	  assumption	   that	  only	   this	  enantiomer	  was	  naturally	   abundant.	   To	  
prove	   this	   hypothesis,	   we	   also	   prepared	   an	   analytic	   sample	   of	   racemic	   2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐
hexanone	  from	  the	  cyclic	  DL-­‐lactide	  (fig.	  1)	  which	  eluted	  as	  a	  double	  peak	  at	  20.4	  and	  20.5	  min.	  Fi-­‐
nally,	  the	  coinjection	  of	  the	  racemic	  mixture	  with	  a	  small	  aliquot	  of	  the	  eluted	  floral	  scent	  of	  Tac-­‐
carum	  ulei	  lead	  to	  an	  increased	  peak	  at	  20.5	  min	  with	  a	  shoulder	  at	  20.4	  min.	  Thus	  we	  assigned	  the	  
signals	   as	   follows:	   20.4	   min,	   (R)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone;	   and	   20.5	   min,	   (S)-­‐2-­‐hydroxy-­‐5-­‐
methyl-­‐3-­‐hexanone.	  
Authentic	  standards	  
The	  most	  prominent	  constituents	  in	  the	  analyzed	  flower	  scent	  samples	  of	  Taccarum	  ulei	  were	  
selected	  for	  attractivity	  biotests.	  Dihydro-­‐β-­‐ionone	  was	  purchased	  from	  a	  commercial	  supplier	  in	  its	  
highest	  available	  purity	  (≥90%;	  Sigma-­‐Aldrich).	  A	  sample	  of	  racemic	  2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	  
was	  gently	  provided	  by	  Roman	  Kaiser	  (Givaudan	  Fragrance	  Research,	  Switzerland).	  (S)-­‐2-­‐hydroxy-­‐5-­‐
methyl-­‐3-­‐hexanone	  was	  prepared	  in	  a	  simple	  two-­‐step	  sequence,	  starting	  from	  commercially	  avail-­‐
able	  (S)-­‐(–)-­‐ethyl	  lactate	  (fig.	  1).	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Synthesis	  of	  (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	  
For	   the	   synthesis	   of	   (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	   (4),	   (S)-­‐(–)-­‐ethyl	   lactate	   (1)	  was	   con-­‐
verted	   to	   the	  Weinreb	   amide	   (2)	   by	   reaction	   with	  N-­‐methoxymethylamine	   hydrochloride	   in	   the	  
presence	  of	  Me3Al,	   following	   standard	  procedure	   [10].	   The	  desired	   compound	  4	  was	  obtained	  by	  
treating	  the	  crude	  amide	  with	  commercial	   isobutyllithium	  solution	   in	  THF	  at	   -­‐78	  °C	   in	  52%	  overall	  
yield.	  	  
	  
	  
 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
(S)-­‐2-­‐HYDROXY-­‐N-­‐METHOXY-­‐N-­‐METHYLPROPANAMIDE	  (2):	  To	  a	  suspension	  of	  N-­‐methoxymethylamine	  hy-­‐
drochloride	  (5.00	  g,	  51.26	  mmol)	  in	  benzene	  (50	  mL)	  at	  0	  °C	  under	  an	  argon	  atmosphere,	  Me3Al	  (2M	  
in	  heptane,	  25.70	  mL,	  51.4	  mmol)	  was	  slowly	  added	  via	  syringe.	  The	  ice	  bath	  was	  removed,	  and	  the	  
yellow	  solution	  was	  stirred	  at	  r.t.	  for	  1	  h.	  Lactate	  1	  (2.30	  mL,	  20.1	  mmol)	  was	  added	  via	  syringe	  and	  
the	  resulting	  solution	  was	  allowed	  to	  reflux	   for	  2	  h.	  This	   reaction	  mixture	  was	  cooled	  to	  0	   °C	  and	  
carefully	  quenched	  by	   slow	  addition	  of	  1N	  HCl	  until	   a	   clear	   solution	  was	   formed.	  The	   layers	  were	  
separated,	   the	   aqueous	   phase	  was	   extracted	  with	  MTBE	   (3	   ×	   80	  mL)	   and	   the	   combined	   extracts	  
were	   passed	   through	   a	   plug	   of	   silica/MgSO4.	   The	   solvent	   was	   removed	   under	   reduced	   pressure,	  
leaving	  the	  crude	  amide	  2	  (1.953	  g),	  which	  was	  pure	  enough	  for	  the	  next	  step.	  	  
(S)-­‐2-­‐HYDROXY-­‐5-­‐METHYL-­‐3-­‐HEXANONE	   (4):,	   The	   crude	   amide	   2	   obtained	   above	   was	   dissolved	   in	   THF	  
(120	  mL)	  under	  an	  argon	  atmosphere	  and	  cooled	  to	  -­‐78	  °C.	   Isobutyllithium	  (1.7M	  in	  heptane,	  25.0	  
mL,	  42.5	  mmol)	  was	  added	  dropwise	  and	  the	  resulting	  solution	  was	  stirred	  for	  2	  h.	  The	  cooled	  reac-­‐
tion	  mixture	  was	  quenched	  by	  introducing	  it	  into	  a	  rapidly	  stirred	  dil.	  NH4Cl	  solution	  was	  added	  via	  a	  
thin	  PTFE	  tube	  under	  a	  positive	  argon	  pressure.	  The	  layers	  were	  separated,	  the	  aqueous	  phase	  was	  
extracted	   with	   Et2O	   (3	   ×	   80	  mL)	   and	   the	   combined	   extracts	   were	   passed	   through	   a	   plug	   of	   sili-­‐
ca/MgSO4.	   The	   solvent	  was	   removed	  under	   reduced	  pressure,	   leaving	   the	   crude	   ketone	  4,	  which	  
was	  purified	  by	  MPLC	  (Büchi	  Sepacore®,	  MN	  Nucleodur®	  100-­‐12,	  pentane/MTBE	  gradient	  from	  5:1	  
to	  3:1	  in	  30	  min,	  UV	  detection	  at	  278	  nm),	  yielding	  pure	  4	  as	  a	  colorless	  oil	  with	  a	  distinct	  yeasty,	  old	  
cheese	  smell	  (1.358	  g,	  10.43	  mmol,	  52%	  overall).	  Rf	  =	  0.3	  (pentane/MTBE	  3:1)	   = +70.4	  (c	  =	  2.0,	  
CHCl3).	  1H	  NMR	  (300	  MHz,	  CDCl3,	  25	  °C):	  δ	  =	  4.18	  (dq,	  J	  =	  7.1,	  4.7	  Hz,	  1	  H,	  2-­‐H),	  3.58	  (d,	  J	  =	  4.7	  Hz,	  1	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Figure	  1.	  Reagents	  and	  conditions:	  (a)	  MeONHMe.HCl,	  Me3Al,	  benzene,	  reflux,	  2	  h.	  (b)	  THF,	  -­‐78	  °C,	  2	  h,	  
52%	  overall.	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H,	  OH),	  2.42–2.12	  (m,	  3	  H,	  4-­‐H,	  5-­‐H),	  1.35	  (d,	  J	  =	  7.1	  Hz,	  3	  H,	  1-­‐H),	  0.92	  and	  0.91	  (2	  ×	  d,	  J	  =	  6.6	  Hz,	  6	  
H,	  iPr)	  ppm.	  13C	  NMR	  (75	  MHz,	  CDCl3,	  25	  °C):	  δ	  =	  212.2	  (C-­‐3),	  72.8	  (C-­‐2),	  46.4	  (C-­‐4),	  24.5	  (C-­‐5),	  22.6	  
and	  22.5	  (iPr),	  19.6	  (C-­‐1)	  ppm.	  FT-­‐IR	  (ATR): =	  3438	  (broad),	  2959	  (m),	  2873	  (w),	  1710	  (s),	  1367	  (s),	  
1130	  (s),	  1045	  (s)	  cm-­‐1.	  HRMS	  (ESI):	  153.0884	  [M	  +	  Na]+	  ,	  calcd.	  for	  [C7H14O2	  +	  Na]+:	  153.0886.	  	  
Attractivity	  biotests	  
Chemical	  attraction	  experiments	  were	  conducted	  in	  the	  field	  and	  in	  a	  controlled	  environment,	  
inside	   a	   rearing	   cage.	  We	  manufactured	   custom	   “Japanese	   beetle	   traps”	   based	   on	   commercially	  
available	  models	  (Trécé,	  Palo	  Alto,	  USA).	  Each	  trap	  consisted	  of	  a	  generic	  clear	  PET	  soda	  bottle	  (2L),	  
diametrically	  cut	  at	  its	  upper	  third	  to	  yield	  a	  funnel	  (13	  cm	  x	  10	  cm	  ⌀)	  and	  a	  canister	  (23.5	  cm	  x	  10	  
cm	  ⌀).	  The	  funnel	  was	  glued	  to	  the	  canister,	  its	  tip	  facing	  inwards.	  Four	  cross-­‐connected	  vanes	  (29	  
cm	  x	  6.5	  cm	  ⌀)	  cut	  from	  green	  plastic	  sheets	  were	  then	  glued	  to	  the	  set,	  to	  which	  a	  hanging	  hook	  
was	  also	  attached	  (fig.	  2).	  For	  baiting	  we	  used	  dispensers	  consisting	  of	  2	  mL	  clear	  glass	  vials	  (12	  ×	  32	  
mm,	  Supelco,	  Bellefonte,	  USA)	  half-­‐filled	  with	  paraffin	  oil	  (Sigma-­‐Aldrich,	  puriss.	  grade)	  to	  which	  the	  
desired	  volatile	  compound	  was	  added	  then	  thoroughly	  stirred.	  Pieces	  of	  sterilized	  cotton	  were	  later	  
pushed	  into	  the	  vials,	  so	  that	  their	  tips	  leveled	  with	  the	  rim	  openings.	  The	  dispensers	  were	  then	  in-­‐
serted	   in	  an	  aperture	   cut	   in	  between	   the	  vanes	  of	  each	   trap	   (fig.	   2).	  Control	   traps	   contained	  dis-­‐
pensers	  without	  test	  compounds.	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Figure	  2.	  “Japanese	  beetle	  trap”,	  custom	  built	  model:	  (a)	  Schematic	  drawing:	  
1.	  plastic	  vanes,	  2.	  funnel,	  3.	  canister,	  and	  4.	  fragrant	  bait	  dispenser.	  (b)	  Trap	  
installed	  in	  the	  field. 
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The	  field	  experiment	  was	  conducted	  on	  February	  28th	  2010	  and	  February	  24th	  2011	  in	  a	  small	  
forest	  fragment	  (ca.	  350	  ha)	  located	  at	  Usina	  São	  José	  S/A	  sugarcane	  industry,	  municipality	  of	  Igar-­‐
assu	  (7o48’-­‐7o49’S;	  35o01’-­‐35o02’W;	  altitude	  approx.	  110	  m)	  (refer	  to	  CHAPTER	  IV	  for	  details).	  We	  test-­‐
ed	  traps	  baited	  with	  50	  μl	  undiluted	  (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	  (HE),	  undiluted	  dihydro-­‐β-­‐
ionone	  (DI)	  and	  mix	  based	  on	  the	  relative	  percentage	  of	  these	  compounds	  in	  the	  floral	  scent	  of	  T.	  
ulei	   (4:1	   racemic	   2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone:	   dihydro-­‐β-­‐ionone;	  HE/DI).	   The	   traps	  were	   hung	  
chest-­‐high	  from	  tree	  branches	  along	  the	  border	  of	  the	  fragment,	  no	  less	  than	  25	  m	  apart	  from	  each	  
other.	  Each	  experimental	   trap	  was	  paired	  with	  an	  unbaited	  control.	  Sampling	  took	  place	  between	  
17h30-­‐21h00,	  when	  the	  crepuscular/nocturnal	  cyclocephaline	  scarab	  beetles	  are	  most	  active.	  
A	  rearing	  cage	  consisting	  of	  a	  wood	  frame	  covered	  with	  a	  fine	  plastic	  mesh	  (2,5	  x	  2,5	  x	  3,0	  m)	  
was	   built	   at	   a	   private	   forested	   area	   in	  municipality	   of	   Camaragibe,	   ca.	   40	   km	   from	   Igarassu.	   The	  
cage	  was	  shaded	  throughout	  the	  entire	  day	  and	  protected	  from	  artificial	  lights	  at	  night,	  and	  clear	  fi-­‐
berglass	  roofing	  shielded	  its	  interior	  from	  the	  rain.	  Its	  bottom	  consisted	  of	  50	  cm	  forest	  soil	  layered	  
over	  concrete.	  We	  collected	  male	  and	  female	  scarab	  beetles	  of	  the	  species	  Cyclocephala	  celata	  (ca.	  
20	  individuals)	  and	  C.	  latericia	  (ca.	  30	  individuals)	   inside	  inflorescences	  of	  T.	  ulei	  and	  Philodendron	  
acutatum	  Schott.	   (Araceae)	  and	  released	  them	   inside	  the	  cage.	  The	  beetles	  were	  provided	  with	  a	  
diet	  of	  exotic	   fruits	   (apples	  and	  plantains)	  and	   left	  undisturbed	  for	  48h	  to	  adapt	   to	   the	  new	  envi-­‐
ronment.	   Attractivity	   tests	  were	   conducted	   in	   two	  non-­‐consecutive	   evenings,	   from	  17h00-­‐20h30.	  
Food	  was	  taken	  out	  of	  the	  cages	  at	  least	  4h	  prior	  to	  each	  test.	  The	  setup	  consisted	  of	  four	  traps	  (2	  
experimental;	   2	   control)	   hung	   from	   the	   top	   corners	   of	   the	   cage	   at	   random.	  We	   tested	   the	   same	  
compounds	  and	  compound	  mix	  used	  in	  the	  field	  experiments,	  but	  reduced	  their	  volume	  to	  20	  μl	  per	  
dispenser.	  
Differences	   in	  beetle	  attraction	   in	   the	  controlled	  environment	  were	  analyzed	  using	  a	  general	  
linear	  model	  with	  a	  Poisson	  error	  (count	  data,	  χ2	  statistics;	  GLIM	  v.3.77).	  The	  factor	  ‘treatment’	  in-­‐
cluding	   the	   four	   treatments	   (HE,	  DI,	  HE/DI	   and	   ‘control’)	  was	   fitted	   to	   the	  data	   (fullmodel).	  After-­‐
wards,	  simplified	  models	  grouping	  certain	  treatments	  were	  adjusted	  to	  the	  data	  and	  only	  those	  that	  
were	   not	   significantly	   different	   from	   the	   main	   model	   were	   retained	   (simplified	   models;	   χ2	  test).	  
Analyses	  were	  corrected	  for	  variations	  among	  the	  different	  repetitions	  of	  the	  experiment	  by	  includ-­‐
ing	  a	  ‘repetition’	  factor.	  The	  focus	  being	  the	  attractivity	  of	  the	  tested	  compounds	  to	  cyclocephaline	  
scarab	  beetles	   in	  general	  rather	  than	  the	  specificity	  of	  the	  attraction,	  no	  distinction	  among	  beetle	  
species	  were	  made	  and	  counts	  for	  Cyclocephala	  celata	  and	  C.	  latericia	  were	  equally	  pooled.	  
	  
5.3	  Results	  
	  
Floral	  scent	  composition	  
During	  the	  female	  phase	  of	  anthesis,	  Taccarum	  ulei	  inflorescences	  emanated	  a	  peculiar	  aroma,	  
characterized	  by	  agreeable	  floral	  notes	  accompanied	  by	  a	  pungent,	  fermented-­‐like	  odor,	  which	  re-­‐
sembled	   that	   of	   old	   cheese.	   Scent	   emission	   became	   stronger	   with	   the	   setting	   of	   thermogenesis	  
when	  it	  could	  be	  easily	  perceived	  in	  the	  air	  by	  human	  nose	  up	  to	  15	  meters	  away	  from	  the	  warmed	  
up	  inflorescences.	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Chemical	  analysis	  of	  the	  floral	  bouquet	  of	  T.	  ulei	   lead	  to	  the	  identification	  of	  13	  volatile	  com-­‐
pounds	   classified	   according	   to	   Knudsen	   et	   al.	   [6]	   among	   aliphatics	   (4),	   C5-­‐branched	   chain	   com-­‐
pounds	  (3)	  and	  terpenoids	  (6)	  (table	  1).	  Olfaction	  tests	  with	  authentic	  standards	  of	  the	  major	  con-­‐
stituents	  in	  analyzed	  floral	  scent	  samples	  revealed	  that	  the	  characteristic	  fermented-­‐like	  notes	  were	  
mainly	  attributed	  to	  2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone.	  The	  (S)-­‐isomer	  of	  this	  aliphatic	  acyloin,	  along	  
with	  the	   irregular	  terpene	  dihydro-­‐β-­‐ionone,	  together	  accounted	  to	  over	  96%	  of	  the	  total	  relative	  
scent	   emission	   of	   female	   phase	   inflorescences	   of	   T.	   ulei	   (76.4	   and	   19.9%,	   respectively;	   table	   1).	  
Samples	  taken	  from	  immature	  inflorescences	  and	  leaves	  of	  T.	  ulei	  did	  not	  yield	  detectable	  volatiles.	  
Biotests	  
In	   the	   field	   experiment	  we	   recovered	   six	   specimens	   of	  Cyclocephala	   latericia	   in	   traps	   baited	  
with	  HE	  and	  one	  specimen	  of	  C.	  celata	   in	  a	   trap	  baited	  with	  HE/DI.	  No	  captures	  were	  recorded	   in	  
traps	   baited	   with	   DI	   or	   in	   the	   paired	   controls	   (fig.	   3).	   Three	   out	   of	   ten	   traps	   baited	   with	   HE	  
effectively	   captured	   males	   and	   females	   of	   C.	   latericia,	   averaging	   1.7	   ±	   0.6	   (SD)	   captures	   per	  
succesfull	  trap.	  None	  of	  the	  fourteen	  control	  traps	  captured	  any	  Cyclocephala	  (fig.	  3).	  The	  number	  
of	  captured	  beetles	  in	  the	  HE	  baits	  was	  significantly	  higher	  (χ21	  =	  8.32;	  p	  =	  0.004)	  than	  in	  ‘control’.	  
(fig.	  3).	  
The	   biotests	   conducted	   inside	   the	   rearing	   cage	   showed	   that	   traps	   baited	  with	  HE	  and	   HE/DI	  
were	  significantly	  more	  attractive	   to	  both	  species	  of	  Cyclocephala	   than	   the	  controls,	  whereas	   the	  
traps	  baited	  with	  DI	  were	  not	  (fig.	  3).	  Three	  out	  of	  four	  traps	  baited	  with	  HE/DI	  effectively	  captured	  
males	  and	  females	  of	  C.	  celata	  and	  C.	  latericia,	  averaging	  3.7	  ±	  2.3	  (SD)	  captures	  per	  succesfull	  trap.	  
Two	   out	   of	   four	   traps	   baited	   with	  HE	   also	   yielded	   captures	   of	   the	   two	   species	   of	   Cyclocephala,	  
averaging	   3.0	   ±	   1.4	   (SD)	   captures	   per	   succesfull	   trap.	   Captures	   with	  DI	   and	   ‘control’	   traps	   were	  
noticeably	  lower	  and	  restricted	  to	  few	  individuals	  of	  C.	  celata	  (fig.	  3).	  
The	  number	  of	  captured	  beetles	  in	  the	  cage	  experiments	  (fig.	  3)	  varied	  signficantly	  among	  the	  
four	  treatments	  (χ23	  =	  12.32;	  p	  =	  0.006).	  In	  fact,	  the	  treatments	  HE	  and	  HE/DI	  captured	  significantly	  
more	  beetles	  (overall	  mean	  2.12	  ±	  2.2)	  than	  ‘control’	  and	  DI	  (overall	  mean	  0.58	  ±	  0.9)	  (χ21	  =	  6.28;	  p	  =	  
0.012).	   There	   was	   no	   difference	   in	   beetle	   captures	   between	   HE	   and	   HE/DI	   or	   between	   DI	   and	  
‘control’	   (χ22	  =	  6;	  p	  =	  0.05).	  We	  thus	  consider	  that	  (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	  is	  attractive	  
to	   the	   two	   species	   of	   pollinating	   cyclocephaline	   scarabs	   in	   pure	   form	   or	   mixed	   with	   dihydro-­‐β-­‐
ionone.	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Compound	   mw	  
Relative	  amounts	  	  ±	  [SD]	  (%)	  
T.	  ulei	   C.	  bico1	   P.	  acut2	  
Aliphatics	   	   	   	   	  
Acetic	  acid	   60	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.03	  
Propionic	  acid	   74	   -­‐-­‐-­‐	   0.5	   0.07	  
Isobutyric	  acid	   88	   -­‐-­‐-­‐	   0.2	   0.01	  
2-­‐Hydroxy-­‐3-­‐hexanone	   116	   0.02	   -­‐-­‐-­‐	   0.04	  
Acetyl	  Isovaleryl	   128	   0.06	  ±	  [0.02]	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	   130	   76.39	  ±	  [11.96]	   -­‐-­‐-­‐	   23.11	  
3-­‐hydroxy-­‐5-­‐methyl-­‐2-­‐hexanone	   130	   0.08	  ±	  [0.01]	   -­‐-­‐-­‐	   0.02	  
Pent-­‐3-­‐yl	  acetate	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   130	   	   0.5	   -­‐-­‐-­‐	  
C5-­‐branched	  chain	  compounds	   	   	   	   	  
Isoamyl	  alcohol	   88	   1.02	  ±	  [0.54]	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
Ethyl	  isovalerate	  	   130	   0.02	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
2-­‐Methylbutyl	  isobutyrate	   158	   0.02	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
Benzenoids	  and	  phenylpropanoids	   	   	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
p-­‐Vinylanisole	   134	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.01	  
1,2-­‐Dimethoxybenzene	  	   138	   -­‐-­‐-­‐	   0.1	   -­‐-­‐-­‐	  
Methyl	  salicylate	  	   152	   -­‐-­‐-­‐	   18.1	   0.02	  
Methyl	  2-­‐methoxybenzoate	  	   166	   -­‐-­‐-­‐	   0.5	   -­‐-­‐-­‐	  
1,3,5-­‐Trimethoxybenzene	  	   168	   -­‐-­‐-­‐	   43.0	   -­‐-­‐-­‐	  
N/S	  containing	  compounds	   	   	   	   	  
4-­‐Methyl-­‐5-­‐vinyl-­‐thiazole	  	   125	   -­‐-­‐-­‐	   19.8	   -­‐-­‐-­‐	  
2-­‐Methoxy-­‐3-­‐isopropylpyrazine	   152	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.34	  
Miscelaneous	  cylclic	  compounds	   	   	   	   	  
Jasmone	  	   150	   	   4.4	   	  
Terpenoids	   	   	   	   	  
Myrcene	   136	   0.03	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
Limonene	   136	   0.02	  ±	  [0.01]	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
(E)-­‐Ocimene	   136	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.02	  
(E)-­‐4,8-­‐Dimethyl-­‐1,3,7-­‐nonatriene	   150	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.28	  
(Z)-­‐4,8-­‐Dimethyl-­‐1,3,7-­‐nonatriene	   150	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.19	  
Geraniol	   154	   0.02	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
Linalool	  	   154	   -­‐-­‐-­‐	   7.8	   0.03	  
4-­‐Terpinenol	   154	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.02	  
Dehydrodihydro-­‐β-­‐ionone	   192	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.01	  
Dihydro-­‐β-­‐ionone	   192	   19.85	  ±	  [12.05]	   -­‐-­‐-­‐	   74.41	  
β-­‐Ionone	   192	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.79	  
Dihydro-­‐α-­‐ionone	   194	   0.01	  ±	  [0]	   -­‐-­‐-­‐	   0.20	  
Dihydro-­‐β-­‐ionol	   194	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.14	  
Dihydro-­‐β-­‐ionone	  epoxide	   208	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   0.02	  
unid.	  ethyl	  (x,y)-­‐dodecadienoate	   224	   1.90	  ±	  [0.42]	   -­‐-­‐-­‐	   -­‐-­‐-­‐	  
Dihydro-­‐β-­‐ionone	  epoxide	  c	   208	   0.02	  ±	  [0.01]	   	   	  
Table	  1.	  Chemical	  composition	  (and	  relative	  amounts	  of	  compounds)	  of	  the	  floral	  scent	  
of	  Taccarum	  ulei	   (Araceae)	  and	   two	  other	   syntopic	   species	  of	  aroids	  pollinated	  by	  cy-­‐
clocephaline	  scarab	  beetles	  (Scarabaeidae,	  Dynastinae).	  
Note.	  mw	   =	  molecular	  weight.	   Odor	   samples	   of	   Taccarum	   ulei	   recovered	   by	   dynamic	  
headspace	   from	   fragrant	   inflorescences	   during	   the	   female	   phase	   of	   anthesis	   (n=3).	   In	  
bold	  fonts,	  shared	  prominent	  compounds.	  Superscript	  numbers:	  1Caladium	  bicolor	  (Maia	  
and	  Schlindwein	  [8]);	  1Philodendron	  acutatum	  (Maia	  et	  al.	  [9]).	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5.4	  Discussion	  
	  
Most	  floral	  fragrances	  consist	  of	  complex	  chemical	  blends	  of	  diverse	  biosynthetical	  origins	  [11]	  
and	  most	  known	  physiological	  responses	  of	  pollinators	  are	  triggered	  by	  volatile	  compounds	  acting	  
synergistically	   according	   to	   strict	   relative	   ratios	   in	   the	  overall	   floral	  bouquets	   [12].	   These	   intricate	  
‘floral	  filters’	  ensure	  pollinator	  selectivity	  and	  are	  thought	  to	  be	  the	  major	  molding	  force	  behind	  the	  
diversification	  of	  the	  mutualists	  involved	  [7,13].	  Among	  some	  highly	  specialized	  pollination	  systems,	  
nonetheless,	   it	   has	   been	   shown	   that	   occasionally	   single	   compounds	   induce	   direct	   attractive	   re-­‐
sponse	  of	  flower-­‐visiting	  insects	  [14,15].	  
Fragrance	  seeking	  male	  euglossine	  bees,	  best	  known	  as	  pollinators	  of	  Neotropical	  orchids	  (Or-­‐
chidaceae),	  are	  easily	  lured	  to	  pure	  standards	  of	  selected	  volatile	  compounds	  identified	  in	  the	  bou-­‐
quets	  of	   their	   preferred	  hosts,	  mostly	  benzenoids	   and	  monoterpenes	   [16].	  Maia	  et	  al.	   [CHAPTER	   III]	  
showed	  similar	  responses	  of	  pollinating	  cyclocephaline	  scarabs	  to	  a	  selected	  floral	  volatile	  isolated	  
from	  flowers	  of	  four	  species	  of	  Annona	  and	  Caladium	  bicolor.	  
The	  comparative	  investigation	  of	  the	  floral	  scent	  of	  Taccarum	  ulei	  uncovered	  an	  ample	  diver-­‐
gence	  from	  the	  fragrant	  bouquet	  of	  syntopic	  C.	  bicolor,	  clearly	  suggesting	  that	  the	  two	  species	  make	  
use	  of	  distinct	  olfactory	  signals	  to	  attract	  closely	  related	  effective	  pollinators.	  In	  parallel,	  we	  found	  a	  
remarkable	  analogy	  between	  the	  two	  prominent	  compounds	  of	  T.	  ulei	  and	  Philodendron	  acutatum.	  
Figure	  3.	  Attractivity	  of	  pollinating	  cyclocephaline	  scarab	  beetles	  (Scarabaeidae,	  Dynastinae)	  of	  the	  spe-­‐
cies	  Cyclocephala	  latericia	  (red	  horizontal	  columns)	  and	  C.	  celata	  (blue	  horizontal	  columns)	  to	  authentic	  
standards	  of	  the	  most	  prominent	  constituents	  in	  the	  floral	  scent	  of	  Taccarum	  ulei	  (Araceae)	  in	  field	  ex-­‐
periments	  and	  controlled	  biotests	  inside	  a	  rearing	  cage.	  HE	  =	  (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone;	  DI	  =	  di-­‐
hydro-­‐β-­‐ionone;	  HE/DI	  =	  4:1	  hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone:	  dihydro-­‐β-­‐ionone.	  For	  statistical	  difference	  
significations	  refer	  to	  the	  Results	  section.	  
	  
	  
1 2 3 4 5 62 1 74 3
HE	  (field)	  
DI	  (field)	  
HE	  (rearing	  cage)	  
DI	  (rearing	  cage)	  
HE/DI	  (field)	  
HE/DI	  (rearing	  cage)	  
Number	  of	  beetles	  
Control	   Experimental	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None	  of	   the	  compounds	   identified	   in	   the	   floral	   scent	  of	  T.	  ulei	   are	  present	   in	   the	  contrasting	   fra-­‐
grance	  of	  Caladium	  bicolor,	  dominated	  by	  benzenoids	  and	  4-­‐methyl-­‐5-­‐vinylthiazole,	  a	  nitrogen	  and	  
sulfur-­‐containing	  heterocyclic	  molecule.	  The	  floral	  scent	  of	  P.	  acutatum,	  however,	  is	  dominated	  by	  
2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	   and	   dihydro-­‐β-­‐ionone,	   the	   same	   prominent	   constituents	   of	   the	  
bouquet	  of	  T.	  ulei	  (table	  1).	  Interestingly,	  those	  two	  biosynthetically	  diverse	  compounds	  appear	  in	  
reverse	  relative	  proportions	  in	  the	  scents	  of	  the	  two	  species,	  affecting	  their	  overall	  fragrance	  to	  the	  
human	  nose	  [PERSON.	  OBSERV.].	  
Regarding	   their	   reproductive	  biology,	   it	   is	  assumed	  that	   the	  Philodendreae	  have	  evolved	  and	  
diversified	  in	  close	  association	  with	  pollinating	  cyclocephaline	  scarabs	  [17].	  Although	  a	  recent	  paper	  
by	  Maia	  et	  al.	  [9]	  provides	  the	  only	  published	  data	  on	  floral	  scents	  of	  the	  large	  genus	  Philodendron,	  
it	   is	  speculated	  that	  the	  fragrant	  bouquets	  of	   its	  more	  than	  700	  species	  are	  rather	  diverse	  and	  di-­‐
rectly	  associated	  with	  pollinator	  selectivity	  and	  reproductive	  isolation	  [17,18].	  
The	  Spathicarpeae	  are	  comprised	  by	  13	  genera	  allegedly	  associated	  with	  a	  broad	  spectrum	  of	  
specialized	  insect	  visitors,	  including	  flies	  [19],	  cyclocephaline	  scarabs	  [20]	  and	  small	  beetles	  (e.g.	  Ni-­‐
tidulidae)	  [PERSON.	  OBSERV.].	  According	  to	  a	  phylogeny	  based	  on	  molecular	  markers	  and	  strongly	  sup-­‐
ported	   by	   biogeographical	   information	   [21],	   cyclocephaline	   scarab-­‐pollinated	   taxa	   are	   among	   the	  
most	  basal	  within	  the	  Spathicarpeae.	  Diversification	  of	  pollinator	  strategies	  arose	  with	  the	  coloniza-­‐
tion	  of	  different	  habitats	  and	  deep	  adaptations	  of	  general	   floral	  buildup,	  notably	  the	  reduction	  of	  
the	   inflorescences	   [21].	   At	   first	   this	   information	  might	   seem	   abstruse,	   but	   flowers	   visited	   by	   the	  
large	  cyclocephaline	  scarab	  beetles	  must	  be	  robust	  enough	  to	  endure	   intense	  mechanical	  damage	  
[4,5].	  Curiously	  enough,	  Taccarum	  is	  unmistakably	  assigned	  as	  a	  derived	  taxon	  within	  the	  tribe	  [21],	  
closely	  associated	  with	  Asterostigma,	  whose	  smaller	  inflorescences	  are	  unlikely	  to	  be	  visited	  by	  in-­‐
sects	  as	  large	  as	  the	  smallest	  of	  the	  known	  species	  of	  the	  Cyclocephalini	  [22].	  
The	  compositional	  similarities	  in	  the	  floral	  scents	  of	  T.	  ulei	  and	  P.	  acutatum	  could	  be	  interpret-­‐
ed	  as	  a	  convergence	  towards	  the	  attraction	  of	  specialized	  pollinators.	  The	  monoterpene	  (E)-­‐carvone	  
oxide,	  a	  known	  attractant	  of	  male	  euglossine	  bees	  [23],	  is	  only	  found	  floral	  scents	  of	  orchids	  [24]	  and	  
a	  handful	  of	  unrelated	  Euphorbiaceae	  [25],	  Annonaceae	  [26],	  Gesneriaceae	  [27],	  Araceae	  [28]	  –	  all	  of	  
which	   pollinated	   by	   this	   particular	   group	   of	   specialized	   flower	   visitors.	   Similarly,	   4-­‐methyl-­‐5-­‐
vinylthiazole	  seems	  to	  be	  a	  predictor	  of	  cyclocephaline	  scarab	  beetle	  pollination	  in	  at	  least	  two	  dis-­‐
tinct	  angiosperm	  families	  [CHAPTER	  III].	  
Our	   results	   show	   that	   (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	   is	   an	  attractant	  of	  C.	   celata	  and	  C.	  
latericia,	  and	  is	  most	  likely	  the	  main	  odoriferous	  signal	  applied	  by	  both	  T.	  ulei	  and	  P.	  acutatum	  for	  
luring	   effective	   pollinators.	   This	   aliphatic	   acyloin	   was	   rarely	   isolated	   in	   floral	   scents,	   but	   as	   it	   is	  
known	  among	  unrelated	  lineages	  of	  extant	  angiosperms	  there	  is	  no	  evidence	  that	  its	  rarity	  is	  asso-­‐
ciated	  to	  phylogenetic	  constrain	  [9,29,30].	  Such	  observation	  might	  also	  suggest	  that	  the	  occurrence	  
of	   this	   compound	   in	   complex	   fragrant	   blend	   has	   been	   overlooked	   or	  misinterpreted,	   particularly	  
because	  it	  was	  previously	  only	  isolated	  as	  a	  minor	  or	  secondary	  constituent	  in	  floral	  scents.	  Its	  iden-­‐
tification	  in	  GC-­‐MS	  analyses	  of	  natural	  scents	  is	  exclusively	  attributed	  to	  the	  work	  of	  notorious	  spe-­‐
cialist	  Dr.	  R.	  Kaiser,	  from	  Givaudan	  Fragrance	  Research.	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Although	  not	  particularly	  rare	  in	  flowers,	  dihydro-­‐β-­‐ionone	  is	  usually	  found	  at	  significantly	  low-­‐
er	  relative	  concentrations	  than	  those	  documented	  for	  T.	  ulei	  and	  P.	  acutatum,	   in	  association	  with	  
more	  widespread	  ionones	  [31].	  Some	  of	  these	  irregular	  terpenoids,	  notably	  β-­‐ionone,	  are	  known	  to	  
be	  behaviorally	  active	  in	  the	  attraction	  of	  fragrance	  seeking	  male	  euglossine	  bees	  (Apidae,	  Euglossi-­‐
ni)	  [19],	  leaf-­‐miner	  flies	  (Agromyzidae)	  [32]	  and	  flower	  scarabs	  (Scarabaeidae,	  Rutelinae)	  [33].	  How-­‐
ever,	  our	  own	  biotests	  showed	  that	  by	  itself	  dihydro-­‐β-­‐ionone	  does	  not	  trigger	  attractivity	  respons-­‐
es	  from	  neither	  species	  of	  Cyclocephala	  implicated	  with	  the	  pollination	  of	  T.	  ulei.	  
The	  seemingly	  low	  number	  of	  captures	  observed	  in	  our	  field	  experiments	  are	  not	  to	  be	  under-­‐
minished	  and	  might	  be	  related	  to	  low	  concentrations	  of	  (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	  applied	  
to	  the	  baits.	  While	  some	  plant	  species	  might	  apply	  only	  a	  few	  micrograms	  of	  released	  volatiles	  for	  
effective	  pollinator	  attraction	  [11],	  cantharophilous	  angiosperms	  are	  remarkably	  fragrant	  and	  have	  
been	  known	  to	  promote	  scent	  discharges	  at	  over	  5,000	  µg·∙hr-­‐1,	  observed	  among	  Central	  American	  
phytelephantoid	  palms	  (Arecaceae)	  [34].	  Maia	  et	  al.	  [CHAPTER	  III]	  demonstrated	  that	  the	  release	  of	  4-­‐
methyl-­‐5-­‐vinylthiazole	  by	  thermogenic	  inflorescences	  of	  C.	  bicolor,	  given	  its	  relative	  amount	  in	  the	  
overall	  floral	  bouquet,	  was	  over	  500	  µg·∙hr-­‐1.	  
These	  observations	  suggest	  that	  pollinating	  cyclocephaline	  scarab	  beetles	  also	  respond	  to	  high	  
concentrations	  of	  attractive	  volatile	   compounds	   in	   the	  air,	   something	  also	  observed	  among	  other	  
groups	  of	  nocturnal	  pollinators	  (e.g.	  moths,	  bats)	  [7,11].	  In	  order	  to	  maximize	  attractiveness,	  surveys	  
of	  male	  euglossine	  bees	  usually	  involve	  the	  use	  of	  high	  amounts	  of	  pure	  standards	  of	  behaviorally	  
active	  compounds	  in	  the	  baits	  [19].	  Attractiveness	  of	  cyclocephaline	  scarab	  beetles	  to	  the	  fragrant	  
baits	  must	  also	  influenced	  by	  the	  relative	  density	  of	  these	  insects	  within	  the	  radius	  of	  scent	  disper-­‐
sal	  and	  the	  availability	  of	  host	  plants	  during	  the	  implementation	  of	  the	  experiment.	  The	  latter	  case	  
is	  easily	   confirmed	  when	  evaluating	   the	  natural	  average	  number	  of	   insects	   recovered	   from	   inside	  
thermogenic	  inflorescences	  during	  the	  short-­‐lasting	  flowering	  period	  of	  a	  given	  species,	  many	  times	  
higher	  than	  our	  own	  captures	  with	  fragrant	  lures	  [CHAPTER	  IV].	  The	  heat	  generated	  by	  the	  spadix	  not	  
only	   intensifies	   the	  volatilization	  of	  attractive	   compounds	  and	   their	   rapid	  dispersion	  over	  a	  wider	  
radius,	  but	  it	  is	  also	  an	  energetic	  reward	  sought	  by	  the	  night-­‐active	  pollinators	  [35].	  
The	   fact	   that	  Cyclocephala	   celata	   responds	   to	   at	   least	   two	   distinct	   scent-­‐oriented	   attraction	  
systems	   lead	   to	   some	  questions	   regarding	  mechanisms	  of	  plant-­‐pollinator	   specialization	   involved.	  
Based	  on	  the	  current	  experimental	  design,	  it	  is	  uncertain	  whether	  this	  observation	  is	  the	  result	  of	  a	  
plastic	  response	  of	  the	  beetles	  to	  different	  plant	  host	  odors	  or	  if	  it	  is	  related	  to	  some	  level	  of	  sym-­‐
patric	   segregation	  associated	   to	  preferences	   for	  a	   certain	  host	  plant.	  Because	   there	   is	  not	  a	   total	  
overlap	  of	  the	  flowering	  periods	  of	  C.	  bicolor,	  P.	  acutatum	  and	  T.	  ulei,	  some	  level	  of	  temporal	  spe-­‐
cialization	  could	  be	  expected,	  even	  for	  a	  potentially	  generalist	  pollinator.	  This	  would	  allow	  syntopic	  
populations	   of	   the	   three	   species	   of	   aroids	   to	   explore	   the	   same	   provider	   of	   pollination	   services,	  
something	  already	  speculated	  by	  Maia	  et	  al.	  [9].	  	  
It	  is	  unclear	  at	  the	  moment	  why	  C.	  latericia	  is	  exclusively	  found	  in	  inflorescences	  of	  T.	  ulei.	  We	  
believe	  that	  the	  main	  olfactory	  signal	  provided	  by	  (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone	  is	  influenced	  
by	  other	  constituents	  in	  the	  fragrance	  of	  P.	  acutatum	  and	  their	  relative	  concentrations	  in	  the	  blend,	  
thus	   becoming	   less	   attractive	   to	   beetles	   of	   this	   species.	   Behaviorally	   active	   compounds	   from	   the	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scents	   of	   orchids	  might	   attract	   relatively	   large	   numbers	   of	   species	  when	   applied	   singly,	   but	   their	  
combination	  often	  results	  in	  significantly	  more	  constricted	  assortments	  of	  lured	  insects	  [19].	  Further	  
investigation	   about	   the	   olfactory	   orientation	   of	   cyclocephaline	   scarab	   beetles	   are	   still	   needed	   to	  
better	  understand	  the	  processes	  of	  host	  specialization	  and,	  more	  generally,	  the	  chemical	  aspects	  of	  
plant-­‐pollinator	  coevolution	  in	  systems	  involving	  these	  insects.	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Abstract	  
	  
White	  grubs	  of	   the	   large	  genus	  Cyclocephala	   (Scarabaeidae,	  Dynastinae)	  are	  widely	   recognized	  as	  
root-­‐pests,	   causing	   serious	   crop	   damage	   in	   Neartic	   and	   Neotropical	   agrosystems.	   Flower-­‐visiting	  
adults	  are	  among	   the	  most	  diverse	  group	  of	   specialized	  pollinators,	  directly	   involved	  with	   the	   re-­‐
productive	  success	  of	  hundreds	  of	  night	  blooming	  angiosperms.	  Nonetheless,	  very	  little	  is	  currently	  
known	  about	  their	  biology	  and	  life	  cycles,	  basic	  requirements	  for	  the	  design	  of	  both	  pest	  and	  polli-­‐
nator	   management	   strategies.	  We	   have	   conducted	   a	   research	   on	   captivity	   breading/rearing	   and	  
characterization	  of	  the	  ontogeny	  of	  four	  species	  of	  Cyclocephala,	  two	  of	  which	  pollinators	  of	  native	  
Araceae	  from	  the	  Atlantic	  Rainforest	  domain	  of	  Northeastern	  Brazil.	  Incubation	  time	  was	  character-­‐
istic	  of	  each	  species,	   lasting	  roughly	  between	  12	  and	  22	  days.	  Eggs	  bloated	  during	  embryogenesis	  
and	  grew	  to	  an	  almost	  threefold	  of	  their	  initial	  mass	  by	  the	  time	  the	  larvae	  hatched.	  Average	  curves	  
of	  the	  eggs’	  mass	  percentage	  gain	  were	  representative	  of	  each	  species	  and	  suggest	  an	  active	  con-­‐
trol	  of	  water	  uptake,	  responsible	  for	  the	  mass	  increase.	  Initial	  egg	  mass	  did	  not	  influence	  the	  final	  
mass	  percentage	  gain,	  nor	  the	  incubation	  time.	  The	  latter	  was	  not	  correlated	  to	  final	  egg	  mass	  or	  to	  
mass	  percentage	  gain.	  Duration	  of	  the	  larval	  stages	  vary	  only	  slightly	  among	  all	  four	  studied	  species	  
and	  might	  be	  typical	  of	  the	  genus	  as	  a	  whole.	  Males	  and	  females	  of	  Cyclocephala	  celata,	  C.	  distincta,	  
C.	  latericia	  and	  C.	  paraguayensis	  captured	  in	  the	  wild	  were	  successfully	  maintained	  in	  captivity	  with	  
a	  simple,	  inexpensive	  rearing	  protocol.	  All	  species	  yielded	  viable	  eggs	  and	  three	  of	  them	  also	  yielded	  
healthy	  imagoes	  on	  an	  exclusively	  saprophagous	  diet	  for	  the	  larvae.	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6.1	  Introduction	  
	  
Beetles	   of	   the	   tribe	   Cyclocephalini	   (Scarabaeidae,	   Dynastinae)	   comprise	   a	   fairly	   numerous	  
group	   of	   medium-­‐sized	   scarabs	   (ca.	   10-­‐35	   mm)	   predominantly	   distributed	   in	   South	   and	   Central	  
Americas	  [1].	  With	  over	  450	  species,	  many	  of	  which	  yet	  to	  be	  described	  [2],	  the	  genus	  Cyclocephala	  
encompasses	  more	  than	  85%	  of	  the	  tribe’s	  diversity	  and	  is	  the	  most	  speciose	  genus	  among	  all	  of	  the	  
Scarabaeidae	  [3].	  
Many	  species	  of	  Cyclocephala	  have	  long	  gained	  special	  attention	  for	  being	  agricultural	  pests.	  In	  
the	  USA,	  root-­‐feeding	  white	  grubs	  of	  the	  northern	  and	  southern	  masked	  chafers	  (C.	  borealis	  Arrow,	  
1911	   and	   C.	   lurida	   Bland,	   1863)	   cause	   massive	   damage	   to	   turfgrasses	   all	   over	   the	   country	   [4],	  
whereas	  the	  southwestern	  masked	  chafer	  (C.	  parallela	  Casey,	  1915)	   is	  a	  serious	  sugarcane	  pest	   in	  
Florida	   (Saccharum	  officinarum	   L.,	   Poaceae;	   [5]).	   In	   South	  America,	   larvae	  of	   several	   species	  have	  
been	  associated	  to	  the	  cultures	  of	  agave	  (Agave	  tequilana	  var.	  Azul,	  Agavaceae;	  [6]),	  onion	  (Allium	  
fistulosum	   L.,	   Alliaceae;	   [7]),	   and	   soybean	   (Glycine	   max	   (L.)	   Merr.,	   Fabaceae;	   [8]),	   among	   others	  
[9,10].	  Adults	  of	  C.	  melanocephala	   also	  promote	  damage	   to	   the	   cultures	  of	   sunflower	   (Helianthus	  
annuus	  L.,	  Asteraceae;	  [11]),	  prickly	  pear	  (Opuntia	  ficus-­‐indica	  (L.)	  Mill.,	  Cactaceae;	  [12])	  and	  passion	  
fruit	  (Passiflora	  edulis	  Sims,	  Passifloraceae;	  [13])	  in	  Brazil	  by	  chewing	  up	  on	  fertile	  floral	  tissues	  and	  
seeds.	  
Neotropical	   species	  of	  Cyclocephala	   are	  often	  anthophilous,	   although	   it	   can	  be	  easily	  agreed	  
that	   their	   role	  as	   specialized	  pollinators	   is	  overlooked	   [14].	   Schatz	   [15]	  has	  predicted	   that	   at	   least	  
900	  Neotropical	  night-­‐blooming	  angiosperm	  species	  belonging	  to	  nine	  extant	  families	  rely	  on	  these	  
insects	   for	   their	   reproductive	   success,	   an	   obvious	   testimony	   of	   their	   relevance	   in	   natural	   ecosys-­‐
tems.	  Plants	  adapted	  to	  these	  flower	  visitors	  produce	  strong	  and	  highly	  attractive	  floral	  scents,	  de-­‐
signed	  to	  act	  as	  mating	  aggregation	  cues	  for	  the	  scarabs	  [16].	  
Fruit-­‐bearing	  species	  of	  the	  Annonaceae	  (eg.	  soursop,	  Annona	  muricata	  L.)	  and	  several	  native	  
species	  of	  palms	  (eg.	  piassava,	  Attalea	  funifera	  Mart.	  ex	  Spreng.;	  peach-­‐palm,	  Bactris	  gasipaes	  Ku-­‐
nth)	  are	  among	   the	  commercially	  explored	  crops	  pollinated	  by	  Cyclocephala	   spp.	   in	  Brazil	   [17-­‐20].	  
These	  cultures	  are	  often	  so	  dependent	  on	   the	  presence	  of	   these	  specialized	  pollinators	   that	   their	  
decline	  is	  reflected	  in	  considerable	  decrease	  of	  fruit	  yield	  [21].	  Abrupt	  decreases	  in	  the	  populations	  
of	  Cyclocephala	  in	  Annona	  crops	  have	  been	  associated	  with	  the	  loss	  of	  original	  vegetation	  cover	  in	  
the	  Central	  Brazilian	  Cerrado	  [22].	  In	  the	  Atlantic	  Forest	  domain	  of	  the	  oriental	  coast	  of	  Brazil,	  listed	  
among	  the	  most	  endangered	  of	  all	  hotspots	  [23],	  habitat	  retraction	  might	  lead	  to	  similar	  outcomes	  
[18].	  
Studies	  dealing	  with	  the	  biology	  of	  Cyclocephala	  species	  are	  restricted	  to	  less	  than	  3.0%	  of	  the	  
currently	  described	  species.	  Understanding	  their	  life	  cycle	  and	  the	  requirements	  for	  captivity	  rear-­‐
ing	  and	  breeding	  are	  essential	   steps	   to	   the	  design	  of	  more	  effective	  pest	   and	  pollinator	  manage-­‐
ment	  plans	  [24].	  Notably	  for	  the	  latter,	  such	  information	  will	  have	  short-­‐term	  applicability	  in	  the	  re-­‐
stocking	  of	  pollinating	  species	  in	  highly	  depleted	  areas	  [25].	  
We	  have	   conducted	  a	   research	  on	   captivity	  breading/rearing	  of	   four	   species	  of	  Cyclocephala	  
native	   to	   the	   Atlantic	   Rainforest	   domain	   of	   Northeastern	   Brazil	   and	   studied	   their	   ontogeny.	   The	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main	  goals	  of	  this	  study	  were:	  i)	  what	  are	  the	  requirements	  for	  the	  maintenance	  of	  these	  species	  in	  
captivity?	  ii)	  are	  there	  marked	  differences	  in	  the	  life	  cycles	  of	  these	  species,	  also	  compared	  to	  those	  
of	  other	  congenerics?	  
	  
6.2	  Material	  and	  methods	  
	  
Collection	  of	  insects	  
Male	   and	   female	   adults	   of	   the	   following	   species	  were	   collected	   in	   their	   natural	   habitat:	  Cy-­‐
clocephala	  celata	  Dechambre,	  1980;	  C.	  distincta	  Burmeister,	  1847;	  C.	  latericia	  Höhne,	  1923;	  and	  C.	  
paraguayensis	  Arrow,	  1913	  (refer	  to	  [1]	  for	  details).	  Field	  expeditions	  were	  conducted	  in	  February-­‐
April	  2008,	   January-­‐May	  2009	  and	  February-­‐April	  2010	  to	  a	  private	  Atlantic	  Forest	   reserve	  on	  the	  
grounds	  of	  the	  Usina	  São	  José	  S/A	  sugarcane	  company	  (USJ)	  in	  the	  municipality	  of	  Igarassu,	  North-­‐
eastern	   Brazil	   (7o49’S;	   35o02ʹ′W;	   altitude	   approx.	   110	  m).	   The	   area	   is	   composed	   of	   ca.	   66	   km2	   of	  
highly	  scattered	  forest	  fragments	  situated	  in	  a	  sugarcane	  monoculture	  matrix	  [26].	  Local	  climate	  is	  
perhumid,	  although	  over	  80%	  of	  the	  average	  annual	  precipitation	  (ca.	  1,800	  mm)	  falls	  between	  Feb-­‐
ruary	   and	   August,	   whereas	   in	   the	   drier	   months	   of	   September	   to	   January	   monthly	   precipitation	  
commonly	  rests	  below	  100	  mm.	  Mean	  monthly	  temperatures	  vary	  between	  26	  °C	  in	  March	  and	  23	  
°C	  in	  August	  [27].	  
We	  conducted	  active	  searches	  inside	  inflorescences	  of	  Philodendron	  acutatum	  Schott,	  Caladi-­‐
um	   bicolor	   (Aiton)	   Vent.	   and	   Taccarum	   ulei	   Engl.	   &	   K.	   Krause	   (Araceae),	   known	   hosts	   of	   flower-­‐
visiting	  C.	  celata	  and	  C.	  latericia	  [28,29,	  CHAPTER	  IV].	  Male	  and	  female	  C.	  paraguayensis	  and	  C.	  distinc-­‐
ta	   were	   attracted	   to	   light	   sources	   installed	   during	   early	   evening	   hours,	   from	   17h30	   to	   21h00.	   A	  
250W	  mercury	   vapor	  bulb	  was	  disposed	   in	   front	  of	   a	  2.5	   x	  2.0	  m	   sheet	  of	  white	   cloth,	   stretched	  
along	  the	  border	  of	  wooded	  areas.	  Settling	  beetles	  were	  manually	  recovered	  [30].	  
Captivity	  breeding	  and	  rearing	  
Captured	   insects	   were	   accommodated	   in	   transparent	   plastic	   containers	   with	   perforated	   lids	  
(45	  x	  45	  x	  30	  cm)	  and	  a	  layer	  of	  ca.	  15	  cm	  of	  soil	  extracted	  from	  the	  collection	  sites,	  used	  as	  oviposi-­‐
tion	  substrate.	  We	  distributed	  20-­‐50	  beetles	  per	  container	  (1:1	  gender	  ratio)	  and	  offered	  them	  a	  di-­‐
et	  of	  fresh	  sliced	  apples	  and	  plantains,	  substituted	  every	  2	  days.	  
The	  rearing	  containers	  were	  kept	  under	  permanent	  shade	  inside	  a	  greenhouse	  were	  tempera-­‐
tures	  oscillated	   roughly	   between	  22-­‐30	   °C.	  On	  a	  daily	   basis	  we	  examined	   the	   soil	   layer	   for	   newly	  
oviposited	  eggs,	  which	  were	  recovered	  and	  transferred	  to	  new	  containers.	  The	  moisture	  of	  the	  ovi-­‐
position	  substrate	  was	  controlled	  with	  the	  aid	  of	  a	  hand	  water	  sprayer	  to	  avoid	  desiccation	  of	  the	  
eggs.	  
Egg	  and	  larva	  development	  
Eggs	  from	  each	  of	  the	  four	  Cyclocephala	  species	  were	  grouped	  according	  to	  the	  date	  of	  ovipo-­‐
sition	  (assumed	  as	  the	  date	  of	  recovery	  from	  the	  oviposition	  substrate)	  and	  daily	  monitored	  to	  doc-­‐
ument	  the	  elapsed	  time	  until	  hatching.	  Egg	  viability	  was	  calculated	  based	  on	  the	  percentage	  ratio	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between	   the	  numbers	  of	  hatched	   larvae	   from	  that	  of	   the	  eggs	   initially	  present	   in	  each	  container.	  
Separated	   batches	   of	   eggs	   from	  C.	   celata	   (n=41),	  C.	   latericia	   (n=34)	   and	  C.	   paraguayensis	   (n=15)	  
were	  also	   individually	  weighted	  on	  a	  4-­‐digit	  electronic	   scale	   (AE260	  DeltaRange®,	  Mettler-­‐Toledo,	  
USA)	   every	   day	   until	   hatching.	   Comparative	   analyses	   of	   the	   incubation	  durations,	   initial	   and	   final	  
egg	  masses	  and	  egg	  mass	  increase	  ratios	  (final	  egg	  mass	  divided	  by	  initial	  egg	  mass)	  were	  conduct-­‐
ed	  with	  Anova	  tests,	  or	  Welch’s	  F	  tests	  in	  the	  case	  of	  unequal	  variance,	  with	  post-­‐hoc	  Tukey’s	  pair-­‐
wise	  comparisons	  calculated	  on	  the	  software	  PAST	  1.74	  [31].	  The	  mass	  gain	  of	  individual	  eggs	  during	  
embryogenesis	  was	  calculated	  as	  the	  percentage	  increase	  between	  the	  first	  measurement	  and	  sub-­‐
sequent	  daily	  measurements	  until	  hatching.	  Average	  curves	  of	  the	  eggs’	  mass	  percentage	  gain	  for	  
each	  of	  the	  three	  species	  were	  obtained	  with	  the	  evaluation	  version	  of	  the	  software	  Origin	  8.5	  (Ori-­‐
ginLab	  Corporation,	  USA).	  
Newly	  hatched	  larvae	  were	  individually	  placed	  in	  smaller	  plastic	  containers	  (5	  x	  5	  x	  5	  cm)	  filled	  
with	   feeding	   substrate,	   which	   was	   periodically	   moistened	   and	   replenished.	   Its	   composition	   was	  
adapted	  from	  recipes	  provided	  by	  MacMonigle	  [32]	  and	  Lai	  and	  Hsin-­‐ping	  [33],	  and	  consisted	  of	  an	  
even	  mix	  of	  fresh	  humus	  and	  finely	  pounded	  dead	  wood	  and	  grinded	  leaf-­‐litter,	  collected	  at	  the	  site	  
where	  the	  adults	  were	  captured.	  The	  total	  elapsed	  time	  for	  the	  ontogenic	  cycles	  of	  C.	  celata,	  C.	  dis-­‐
tincta	  and	  C.	  paraguayensis	  was	  calculated	  based	  on	  the	  emergence	  of	   imagoes	  and	  we	  recorded	  
dates	  of	  larval	  moltings	  and	  pupation.	  
	  
	  
6.3	  Results	  and	  discussion	  
	  
Adults	  
In	  captivity,	  we	  observed	   that	   the	  beetles	  were	  most	  active	  at	  early	  evening	  hours,	  although	  
neither	  feeding	  nor	  copulation	  was	  entirely	  restricted	  to	  this	  period.	  However,	  during	  most	  of	  the	  
daytime,	  they	  preferably	  remained	  deeply	  buried	  in	  the	  soil	  layer,	  moving	  around	  over	  the	  surface	  
only	  sporadically.	  All	  known	  scarab	  species	  of	  the	  tribe	  Cyclocephalini	  are	  nocturnal	  and/or	  crepus-­‐
cular	  [1,2].	  Gottsberger	  and	  Silberbauer-­‐Gottsberger	  [34]	  observed	  that	  scarabs	  of	  the	  species	  Erios-­‐
celis	   emarginata	   (Mannerheim,	   1829)	  were	   very	   sensitive	   to	   any	   sort	   of	   light	   stimuli	   and	   buried	  
themselves	  under	  the	  soil	  when	  exposed	  to	  direct	  sunlight	  or	  intense	  artificial	  lights.	  	  
Although	  it	  has	  been	  documented	  that	  some	  species	  of	  Cyclocephala	  do	  not	  feed	  as	  adults	  [35],	  
such	  was	  not	  the	  case	  for	  the	  species	  we	  discuss	   in	  this	  paper	  and	  captivity-­‐reared	   insects	  readily	  
accepted	  a	  diet	  of	  exotic	  fruits.	  Pollinator	  species	  are	  known	  to	  feed	  on	  specific	  starch	  or	  lipid-­‐rich	  
nutritious	  tissues	  of	  their	  flower	  hosts	  [16,36]	  and	  such	  behavior	  was	  observed	  in	  wild	  populations	  
of	  C.	  celata	  [28,29]	  and	  C.	  latericia	  [CHAPTER	  IV].	  
Under	   the	   conditions	   described	   in	   our	   study,	   the	   lifespan	   of	   wild	   insects	   reared	   in	   captivity	  
ranged	  from	  little	  less	  than	  a	  month	  for	  Cyclocephala	  distincta	  to	  over	  five	  months	  for	  C.	  celata	  and	  
C.	  latericia	  (table	  1),	  allegedly	  a	  long	  time	  for	  small	  to	  medium-­‐sized	  flower-­‐visiting	  scarab	  beetles	  
[32].	  The	   longevity	  of	   the	  adults	  of	   the	  most	  common	  Neartic	   species	  of	  Cyclocephala	   is	  probably	  
shorter,	  because	  they	  do	  not	  feed	  and	  due	  to	  the	  constraints	  of	  a	  seasonal	  climate	  [35].	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   C.	  celata	   C.	  latericia	   C.	  paraguayensis	   C.	  distincta	  
	   	   	   	   	  Adult	  size	  (cm)	   0.9	  -­‐	  1.0	   1.5	  -­‐	  1.8	   1.1	  -­‐	  1.3	   1.7	  -­‐	  2.0	  
Reared	  adult	  lifespan	   aprox.	  5	  mo	   aprox.	  5	  mo	   aprox.	  2	  mo	   aprox.	  1	  mo	  
Egg	  viability	   52.9%	  	  (n=410)	   -­‐-­‐-­‐	   57.0%	  	  (n=235)	   66.3%	  (n=1,053)	  
Egg	  viability	  (manipulated)	   9.4%	  (n=435)	   34.0%	  (n=100)	   6.53%	  (n=245)	   -­‐-­‐-­‐	  
Initial	  egg	  mass	  (mg)	   1.76	  ±	  0.18	  (n=41)	   2.70	  ±	  0.28	  (n=34)	   1.13	  ±	  0.22	  (n=15)	   -­‐-­‐-­‐	  
Final	  egg	  mass	  (mg)	   3.9	  ±	  0.7	  (n=41)	   7.9	  ±	  1.1	  (n=34)	   2.5	  ±	  0.4	  (n=15)	   -­‐-­‐-­‐	  
Egg	  mass	  gain	  (%)	   119.7	  ±	  34.8	   190.5	  ±	  30.2	   123.0	  ±	  37.1	   -­‐-­‐-­‐	  
Egg	  chamber	   yes	   yes	   yes	  b	   yes	  
Incubation	  (days)	   13.9	  ±	  1.3	  (n=94)	   23.2	  ±	  2.1	  (n=27)	   14.1	  ±	  1.5	  (n=239)	   12.1	  ±	  2.1	  (n=696)	  
Larva	  1o	  -­‐	  2o	  instar	  (days)	   21.9	  ±	  10.9	  	  (n=15)	   -­‐-­‐-­‐	   42.2	  ±	  11.2	  (n=112)	   37.4	  ±	  11.9	  	  (n=10)	  	  
Larva	  2o	  -­‐	  3o	  instar	  (days)	   20.0	  ±	  6.3	  (n=6)	   -­‐-­‐-­‐	   20.0	  ±	  6.1	  (n=82)	   33.9	  ±	  14.8	  (n=10)	  
Larva	  3o	  instar	  -­‐	  pupa	  (days)	   70	  a	   -­‐-­‐-­‐	   75.3	  ±	  22.8	  (n=33)	   42.2	  ±	  19.7	  (n=10)	  
Pupation	  (days)	   38	  a	   -­‐-­‐-­‐	   11.4	  ±	  3.8	  (n=7)	   12.7	  ±	  3.7	  (n=10)	  
Pupal	  cell	   yes	   -­‐-­‐-­‐	   no	   yes	  
Complete	  cycle	  (days)	   164	  a	   -­‐-­‐-­‐	   171.0	  ±	  11.4	  (n=7)	   138.6	  ±	  16.8	  
(n=10)	  
	   	  	   	  	   	  	   	  	  
	  
Eggs	  
Females	  of	  all	  four	  species	  laid	  their	  eggs	  at	  various	  depths	  of	  the	  oviposition	  substrate,	  always	  
individually.	  Ritcher	  [37]	  documented	  that	  mated	  females	  of	  C.	  lurida	  laid	  their	  eggs	  preferably	  10-­‐
15	  cm	  deep	  in	  the	  soil.	  Upon	  their	  recovery	  from	  the	  oviposition	  substrate,	  freshly	   laid	  eggs	  of	  all	  
four	  species	  we	  studied	  exhibited	  a	  milky	  white	  coloration	  and	  were	  oval-­‐shaped.	  We	  also	  noticed	  
that	  they	  were	  enclosed	  in	  more	  or	  less	  spherical	  clumps	  of	  soil,	  which	  were	  similarly	  witnessed	  by	  
Rodrigues	  et	  al.	  [38]	  when	  rearing	  C.	  verticallis.	  Reports	  of	  hobbyist	  and	  amateur	  breeders	  of	  Scara-­‐
baeiodea	  indicate	  that	  this	  is	  commonly	  observed	  among	  these	  beetles	  [32,33].	  The	  shells	  of	  newly	  
laid	  eggs	  are	  very	  thin	  and	  susceptible	  to	  rupture	  and	  desiccation	  [39],	  so	  this	  strategy	  might	  offer	  
them	  additional	  protection.	  Viability	  of	  the	  eggs	  of	  C.	  celata	  and	  C.	  paraguayensis	  was	  considerably	  
reduced	  upon	  manipulation	  during	  early	  stages	  of	  embryogenesis.	  While	  over	  50%	  of	  undisturbed	  
eggs	  yielded	  viable	  larvae,	  less	  than	  10%	  of	  manipulated	  eggs	  hatched	  [MAIA	  ET	  AL.	  UNPUB.].	  
Incubation	   took	   from	   a	   rough	   average	   of	   12	   days	   for	  C.	   distincta	   to	   22	   days	   for	  C.	   latericia,	  
ranging	  close	  to	  what	  was	  previously	  observed	  among	  Neotropical	  and	  Neartic	  congenerics	  (fig.	  1).	  
The	   incubation	   duration	   varies	   statistically	   among	   the	   four	   studied	   species	   of	   Cyclocephala	   (F	   =	  
354.3,	  df	  =	  126.9,	  p	  <	  10-­‐5).	  The	  incubation	  duration	  (mean	  ±	  SD)	   is	  shorter	  for	  C.	  distincta	   (12.1	  ±	  
2.1)	  than	  for	  C.	  celata	  (13.9	  ±	  1.3)	  or	  C.	  paraguayensis	  (14.1	  ±	  1.5),	  which	  are	  not	  statistically	  differ-­‐
Table	  1.	  Biological	  aspects	  of	  captivity	  bred/reared	  species	  of	  Cyclocephala	  (Scarabaeidae,	  Dynastinae),	  
with	  emphasis	  on	  ontogeny	  and	  egg	  development.	  
	  
	  
Note.	  a	  only	  one	  record;	  b	  not	  clearly	  evidenced	  during	  the	  study.	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ent	  among	  each	  other.	  The	  incubation	  duration	  is	  longest	  for	  C.	  latericia	  (23.2	  ±	  2.1)	  (table.	  1).	  The-­‐
se	  differences	  among	  species	  are	  statistically	  significant	  (Tukey	  test,	  p	  <	  10-­‐5)	  (fig	  2a).	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Histograms	  of	  the	  dates	  of	  eclosion	  of	  C.	  celata,	  C.	  latericia	  and	  C.	  paraguayensis	  are	  unimodal	  
and	   imply	   that	   the	  embryonic	  development	  of	   these	  three	  species	   is	  somewhat	  standardized	   (fig.	  
3).	  The	  contrasting	  bimodal	  histogram	  plotted	   for	  C.	  distincta	  might	   indicate	   less	  strict	  embryonic	  
development	  times	  for	  the	  species.	  The	  assumption	  should	  be	  further	  investigated,	  nonetheless,	  as	  
our	   current	   experimental	   design	   is	   biased	  by	   the	   fact	   that	   the	   analyzed	   eggs	   of	   all	   species	  might	  
have	   been	   originated	   from	   several	   different	   females.	   It	   could	   also	   be	   interpreted	   as	   a	   delicate	  
mechanism	  for	  sequential	  larvae	  eclosion	  for	  mated	  females	  that	  lay	  all	  their	  eggs	  at	  a	  single	  ovipo-­‐
sition	  event,	  although	  the	  rule	  among	  Scarabaeidae	  females	  is	  to	  do	  so	  progressively	  over	  a	  period	  
of	  a	  few	  days	  [32,33].	  This	   is	  true	  at	   least	  for	  C.	  paraguayensis,	  a	  species	  from	  which	  we	  observed	  
isolated	  females	  periodically	  lay	  eggs	  during	  an	  up	  to	  5-­‐day	  interval	  [PERSON.	  OBSERV.].	  The	  incubation	  
time	  is	  significantly	   longer	  for	  the	  eggs	  of	  C.	   latericia,	  when	  compared	  to	  those	  of	  the	  other	  three	  
species	  we	  studied.	  Cyclocephala	  distincta	   is	   the	   species	  with	   the	   shorter-­‐lasting	   incubation	   time.	  
This	  difference	  might	  be	  directly	  associated	  to	  the	  size	  of	  the	  developing	  embryos,	  as	  larger	  species	  
theoretically	  demand	  longer	  growth	  intervals	  [33].	  
Upon	  oviposition,	   the	   initial	  egg	  masses	   (g)	  among	  the	   three	  studied	  species	  of	  Cyclocephala	  
differ	   statistically	   (F2,83	   =	  272.4,	  p	  <	  10-­‐5).	   The	  eggs	  of	  C.	   latericia	   (2.70	  ±	  0.28)	  were	  heavier	   than	  
those	   of	  C.	   celata	   (1.76	   ±	   0.18),	  which	  were	   also	   heavier	   than	   those	   of	  C.	   paraguayensis	   (1.13	   ±	  
0.22)	  (table.	  1).	  These	  differences	  among	  species	  are	  statistically	  significant	  (Tukey	  test,	  p	  =	  10-­‐4;	  fig.	  
2b).	  During	  embryonic	  development,	  the	  eggs	  of	  all	  four	  studied	  species	  bloated	  and	  their	  shells	  be-­‐
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Figure	  1.	  Duration	  of	  various	  stages	  of	  the	  life	  cycle	  of	  different	  species	  of	  Cyclocephala	  (Scarabaeidae,	  
Dynastinae).	  The	  first	  three	  bands	  correspond	  to	  species	  from	  this	  study,	  and	  the	  others	  from	  the	  litera-­‐
ture	  as	  follows:	  a	  Rodrigues	  et	  al.	  [38];	  b	  Santos	  and	  Ávila	  [8];	  c	  Cherry	  [5];	  d	  Mondino	  et	  al.	  [43].	  The	  brown	  
rectangular	  band	  corresponds	  to	  undocumented	  stage	  transitions	  between	  1st	  and	  2nd	  instar	  larva.	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came	  translucent.	  The	  measured	  final	  egg	  mass	  (g)	  varies	  statistically	  among	  the	  three	  studied	  spe-­‐
cies	  of	  Cyclocephala	  (F	  =	  304.6,	  df	  =	  48.8,	  p	  <	  10-­‐5).	  The	  eggs	  of	  C.	  latericia	  (7.9	  ±	  1.1)	  were	  heavier	  
than	  those	  of	  C.	  celata	   (3.9	  ±	  0.7),	  which	  were	  also	  heavier	   than	  those	  of	  C.	  paraguayensis	   (2.5	  ±	  
0.4)	  (table.	  1).	  These	  differences	  among	  species	  are	  statistically	  significant	  (Tukey	  test,	  p	  =	  10-­‐4;	  fig.	  
2c).	  	  
Potter	  [40]	  had	  documented	  that	  the	  eggs	  of	  several	  soil	  pest	  species	  of	  scarabs	  enlarge	  signifi-­‐
cantly	  during	  embryogenesis,	   increasing	  in	  weight	  (and	  volume)	  up	  to	  a	  threefold.	  This	  formidable	  
engorgement	  is	  attributed	  to	  water	  absorption,	  quite	  common	  among	  species	  that	  lay	  their	  eggs	  in	  
moist	   or	   aquatic	   environments.	   Structures	   in	   the	   serosal	   layer	   of	   the	   eggshell,	   called	  hypropyles,	  
promote	  active	  uptake	  of	  water	  when	  the	  embryo	  is	  undergoing	  rapid	  growth	  [41].	  The	  egg	  mass	  in-­‐
crease	  ratio	  varies	  statistically	  among	  the	  studied	  species	  of	  Cyclocephala	  (F2,83	  =	  41.7,	  p	  <	  10-­‐5).	  The	  
eggs	  of	  C.	  latericia	  enlarge	  to	  an	  almost	  threefold	  during	  their	  incubation	  (2.9	  ±	  0.3),	  whereas	  those	  
of	  C.	  celata	  (2.19	  ±	  0.35)	  and	  of	  C.	  paraguayensis	  (2.22	  ±	  0.38)	  enlarge	  to	  slightly	  more	  than	  a	  two-­‐
fold.	  The	  egg	  mass	  increase	  ratio	  was	  significantly	  more	  pronounced	  in	  C.	  latericia	  than	  in	  C.	  celata	  
or	  C.	  paraguayensis,	  which	  in	  turn	  do	  not	  differ	  among	  each	  other	  (Tukey	  test,	  p	  =	  10-­‐4;	  fig.	  2d).	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Figure	  2.	  Box	  plot	  graphs	  of	  incubation	  durations,	  initial	  and	  final	  egg	  masses	  and	  egg	  mass	  increase	  ra-­‐
tio	  (final	  egg	  mass/initial	  egg	  mass)	  for	  the	  four/three	  studied	  Cyclocephala	  species.	  Box	  plots	  with	  dif-­‐
ferent	  letters	  are	  significantly	  different	  (Tukey	  post-­‐doc	  test:	  p	  ≤	  10-­‐4).	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The	  average	  curves	  of	  mass	  percentage	  gain	  of	  the	  eggs	  of	  C.	  celata,	  C.	  paraguayensis	  and	  C.	  
latericia	  clearly	  show	  distinct	  growth	  patterns	  for	  each	  of	  the	  three	  species	  (fig.	  4).	  Mass	  increase	  is	  
most	  prominent	  and	  rapid	  for	  C.	  latericia	  (190%),	  since	  most	  of	  the	  mass	  gain	  is	  achieved	  in	  6	  days.	  
For	  C.	  paraguayensis	   and	  C.	  celata,	   the	  mass	  gain	   is	   inferior	   (120-­‐125%;	   table	  1;	   fig.	  4)	  and	   takes	  
place	  more	  rapidly	   in	  C.	  paraguayensis.	   In	  summary,	  the	  eggs	  of	  C.	  celata	  take	  two	  days	   longer	  to	  
achieve	  a	  similar	  mass	  gain	  than	  those	  of	  C.	  paraguayensis;	  the	  eggs	  of	  C.	  latericia	  enlarge	  an	  almost	  
threefold	  during	  the	   interval.	  The	  most	  prominent	  egg	  mass	   increase	   in	  C.	   latericia	   (fig.	  2d)	   is	   the	  
result	  of	  the	  combined	  effect	  of	  heavier	  initial	  eggs	  (fig.	  2b)	  and	  a	  higher	  egg	  growth	  rate	  (fig.	  4).	  On	  
the	  other	  hand,	  the	  other	  two	  species	  achieve	  the	  same	  egg	  mass	  increase	  (figs.	  2d,	  4)	  by	  two	  dif-­‐
ferent	  means;	  the	  eggs	  of	  C.	  celata	  grow	  at	  lower	  rate	  but	  for	  a	  longer	  interval	  than	  those	  of	  C.	  par-­‐
aguayensis	  (fig.	  4).	  The	  egg	  mass	  increase	  of	  C.	  paraguayensis	  is	  similar	  to	  that	  of	  C.	  latericia,	  but	  its	  
development	  cycle	  seems	  to	  cease	  earlier	  (fig.	  4).	  By	  the	  end	  of	  embryogenesis,	  the	  eggs	  of	  C.	  cela-­‐
ta	  are	  heavier	   than	  those	  C.	  paraguayensis	   (fig.	  2c)	  even	   if	   they	  undergo	  the	  same	  mass	   increase	  
(fig.	  2d,	  4);	  a	  consequence	  of	  a	   larger	   initial	  mass	   (fig.	  2a).	  Thus	  we	  can	  explain	  the	  observed	  dis-­‐
similarities	  in	  egg	  growth	  among	  species	  by	  differences	  of	  initial	  egg	  mass,	  but	  also	  by	  intrinsic	  phys-­‐
iological	  processes,	  which	  might	  involve	  active	  water	  uptake.	  Further	  inferences	  will	  be	  lifted	  once	  
the	  surface	  ultrastructure	  of	  the	  eggs	  from	  these	  species	  of	  Cyclocephala	  is	  investigated	  in	  detail.	  
	  
Figure	  3.	  Histograms	  for	  the	  incubation	  times	  of	  different	  species	  of	  Cyclocephala	  (Scarabaeidae,	  Dynas-­‐
tinae)	  reared	  in	  captivity:	  	  a)	  C.	  latericia;	  b)	  C.	  paraguayensis;	  c)	  C.	  celata	  and	  d)	  C.	  distincta.	  Black	  line	  
represents	  the	  curve	  of	  the	  normal	  function.	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Larvae	  
We	  were	  able	  to	  rear	  healthy	  larvae	  of	  Cyclocephala	  celata,	  C.	  distincta,	  C.	  latericia	  and	  C.	  par-­‐
aguayensis	   by	   feeding	   them	   an	   entirely	   saprophagous	   diet.	   All	   species	   but	   C.	   latericia	   yielded	  
healthy	  imagoes,	  and	  captivity	  bred	  C.	  paraguayensis	  and	  C.	  distincta	  even	  produced	  viable	  2nd	  gen-­‐
eration	   offspring	   [PERSON.	   OBSERV.].	   Previous	   experiences	  with	   the	   rearing	   of	   larvae	   of	  Cyclocephala	  
have	  included	  live	  roots	  of	  grasses	  in	  their	  diets	  [38,42].	  However,	  quite	  a	  few	  species	  of	  Cyclocepha-­‐
lini	   have	   actually	   been	   identified	   as	   facultative	   saprophagous,	   able	   undergo	   the	   entire	   ontogenic	  
development	   in	  the	  absence	  of	  any	  sort	  of	   live	  plant	  tissue	  [10].	  We	  should	  not	  disregard	  the	  fact	  
that	  the	  mortality	  rates	  of	  the	  three	  species	  we	  were	  able	  to	  rear	  from	  oviposition	  to	  emergence	  in	  
the	  present	  study	  were	  considerably	  higher	  than	  those	  observed	  by	  Rodrigues	  et	  al.	  [38]	  for	  C.	  verti-­‐
callis.	  Readjustments	  should	  still	  be	  considered	  for	  optimal	  results.	  
In	  our	  study,	  newly	  hatched	  larvae	  took	  an	  average	  21.9	  ±	  10.9	  (n	  =	  15;	  C.	  celata)	  to	  42.2	  ±	  11.2	  
days	  (n	  =	  112;	  C.	  paraguaeynsis)	  before	  undergoing	  their	   first	  molting.	  The	  2nd	   instar	  was	  shorter-­‐
lasting,	  20.0	  ±	  6.1	  (n	  =	  82;	  C.	  paraguayensis)	  to	  33.9	  ±	  14.8	  (n	  =	  10;	  C.	  distincta)	  (table	  1;	  fig.	  1).	  The-­‐
se	   time	   intervals	   for	   the	   initial	  phases	  of	   larval	  development	  are	  very	  similar	  not	  only	   to	   those	  of	  
other	  species	  of	  Cyclocephala,	  but	  also	  to	  most	  known	  edaphic	  Scarabaeidae	  larvae	  [4].	  
The	  3rd	  larval	  instar	  was	  considerably	  lengthier	  than	  the	  previous	  two	  for	  all	  observed	  species,	  
as	  well	  as	  for	  other	  previously	  studied	  congenerics	  (fig.	  1).	  It	  is	  during	  this	  period	  that	  the	  larvae	  of	  
Cyclocephala	  undergo	  the	  largest	  weight	  gain	  and	  feed	  more	  voraciously	  [4,35].	  Third	  instar	   larvae	  
of	  the	  species	  we	  studied,	  as	  well	  as	  that	  of	  Neotropical	  C.	  verticallis,	  went	  into	  pupation	  considera-­‐
bly	  more	  rapidly	  than	  those	  native	  to	  the	  Neartic	  realm	  (fig.	  1).	  This	  could	  be	  explained	  by	  the	  fact	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Figure	  4.	  Average	  curves	  of	  mass	  percentage	  gain	  of	  the	  eggs	  of	  three	  species	  of	  Cyclocephala	  
(Scarabaeidae,	  Dynastinae)	  during	  embryonic	  development.	  
	  
	  
6.	  Captivity	  rearing	  and	  breeding	  of	  Cyclocephala	  spp.	  
 
83	  
that	   larvae	   of	   species	   from	   subtropical	   and	   temperate	   areas	   hibernate	   when	   soil	   temperatures	  
drop,	  and	  only	  resume	  full	  metabolic	  activity	  in	  warmer	  conditions	  [40].	  It	  is	  not	  known	  whether	  this	  
physiologically	   controlled	   mechanism	   is	   intrinsic.	   However,	   scarab	   breeders	   have	   often	   demon-­‐
strated	  that	  all	  immature	  development	  stages	  tend	  to	  be	  accelerated	  under	  warmer	  temperatures,	  
even	  for	  species	  native	  to	  temperate	  regions	  [32,33].	  
Towards	   pupation,	   3rd	   instar	   larvae	  of	  Cyclocephala	   celata,	   C.	   distincta	   and	  C.	  paraguayensis	  
ceased	  feeding	  and	  their	  teguments	  turned	  from	  translucid	  to	  a	  milky-­‐white	  coloration.	  We	  did	  not	  
obtain	   viable	   pupae	   of	   C.	   latericia.	   The	   pre-­‐pupa	   phase	   is	   short-­‐lasting	   among	   Cyclocephala	   and	  
characterized	  by	  the	  construction	  of	  a	  pupal	  cell	  prior	  to	  pupation,	  a	  behavior	  which	  is	  common	  to	  
most	  known	  groups	  of	  the	  Scarabaeiodea	  [35].	  During	  the	  prepupal	  stage,	  we	  observed	  that	  the	  lar-­‐
vae	  of	  C.	  distincta	   and	  C.	   celata	  built	   their	  protective	   chambers	  with	   compacted	   soil,	  where	   they	  
remained	  until	   emerging	   as	   imagoes	   roughly	   12	   to	   38	  days	   later,	   respectively	   (table	  1).	   Pupation	  
time	  varies	  little	  among	  the	  Cyclocephala	  (fig.	  1),	  and	  only	  C.	  forsteri	  individuals	  remain	  considera-­‐
bly	  longer	  at	  this	  stage	  [8].	  Among	  our	  study	  species,	  C	  distincta	  and	  C.	  paraguayensis	  exhibited	  sim-­‐
ilarly	  short-­‐lasting	  pupae	  stages	  (less	  than	  two	  weeks),	  which	  was	  in	  contrast	  three	  times	  longer	  for	  
C.	  celata.	  Our	  untried	  assumption	  is	  that	  this	  difference	  might	  be	  related	  to	  the	  size	  of	  the	  adults.	  
Quite	  often	  among	  the	  Scarabaeiodea,	  larger	  species	  require	  longer	  pupation	  intervals	  [32].	  It	  may	  
also	  reflect	  inadequate	  substrate	  conditions	  for	  the	  assembly	  of	  the	  pupal	  cells,	  arguably	  the	  most	  
delicate	  event	  of	  the	  ontogenic	  cycle	  [33].	  
We	  found	  it	  intriguing	  that	  the	  prepupae	  of	  C.	  paraguyaensis	  did	  not	  construct	  a	  pupal	  cell	  (ta-­‐
ble	  1),	   though	  still	   successfully	  yielded	  healthy,	   fertile	   imagoes.	  Among	  all	  known	  captivity	   reared	  
species	  of	  scarabs,	  absent	  or	  even	  poorly	  built	  pupal	  cells	  result	   in	  definitive	  termination	  of	  meta-­‐
morphosis	   or	   in	   the	   emergence	   of	   severely	   deformed	   adults	   [32,33].	   The	   aberrant	   behavior	   of	  C.	  
paraguayensis	  can	  be	  the	  result	  of	  inadequate	  rearing	  conditions,	  but	  insects	  should	  be	  observed	  in	  
the	  wild	  in	  order	  to	  make	  further	  inferences.	  
Conclusions	  and	  bioecological	  inferences	  
Our	   overall	   results	   offer	   simple	   rearing/breeding	   techniques	   for	   species	   of	   the	   genus	   Cy-­‐
clocephala,	  adding	  up	  to	  other	  promising	  studies	  for	  the	  controlled,	  large-­‐scale	  reproduction	  of	  spe-­‐
cialized	  pollinators	  in	  the	  near	  future.	  
Adult	  C.	  celata	  and	  C.	  latericia	  apparently	  maintain	  full	  body	  function	  for	  extensive	  periods	  of	  
time	  in	  captivity,	  and	  this	  is	  probably	  true	  for	  these	  beetles	  in	  the	  wild.	  Such	  longevity	  seems	  to	  be	  
highly	  unlikely	  for	  Neartic	  C.	  borealis	  and	  C.	  lurida,	  which	  are	  strictly	  non-­‐feeding	  during	  this	  stage	  
of	   their	   lives	   [35].	   Cyclocephala	   celata,	   C.	   distincta,	   C.	   latericia	   and	   C.	   paraguayensis	   are	   all	   an-­‐
thophilous	  and	  prone	  to	  feed	  on	  floral	  tissues,	  often	  offered	  as	  a	  caloric	  rewards	  for	  pollination	  ser-­‐
vices	  [16,36].	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Résumé	  
J’ai	   étudié	   la	   pollinisation	   hautement	   spécialisée	   d’Aracées	   néotropicales	   par	   des	  
coléoptères	   (Scarabaeidae,	   Dynastinae),	   et	   aussi	   l’ontogénie	   et	   le	   développement	   de	   ces	  
coléoptères	   élevés	   en	   captivité.	   Les	   coléoptères	   floricoles	   (mâles	   et	   femelles)	   de	  
Cyclocephala	  celata	  et	  C.	  latericia	  montrent	  une	  attraction	  pour	  de	  signaux	  olfactifs	  présents	  
dans	  les	  senteurs	  florales	  de	  Caladium	  bicolor,	  Philodendron	  acutatum	  et	  Taccarum	  ulei.	  Des	  
molécules	   synthétisées	   de	   4-­‐methyl-­‐5-­‐vinilthiazole	   et	   (S)-­‐2-­‐hydroxy-­‐5-­‐methyl-­‐3-­‐hexanone,	  
deux	  composés	  rares	  majeurs	  des	  odeurs	  florales	  étudiées,	  se	  sont	  avérées	  très	  attractives	  
et	  de	  manière	  sélective	  pour	  les	  espèces	  pollinisatrices	  de	  Cyclocephala.	  En	  élevage,	  quatre	  
espèces	  de	  Cyclocephala	  indigènes	  du	  Nord-­‐est	  Brésil,	  C.	  celata,	  C.	  distincta,	  C.	  latericia	  et	  C.	  
paraguayensis,	  furent	  maintenues	  en	  captivité	  durant	  tout	  leur	  cycle	  biologique	  grâce	  à	  un	  
protocole	  a	  simple	  et	  économique.	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